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Whilst atom transfer radical polymerisation (ATRP) has been shown to be a robust 
and versatile technique for the creation of a wide range of polymers from many 
different initiators, there is relatively little previous research into the usage of 
initiators containing amide functionality.  Low initiator efficiencies, often resulting 
in higher than predicted molecular weight parameters, and slow polymerisations 
with variable rates of reaction are generally reported when amide initiators have 
previously been used.  Various reasons have been  proposed in the literature for poor 
performance of amide initiators including; interactions of the catalytic system of 
ATRP and the amide bond in the initiator, the irreversible loss of catalyst activity, a 
rapid initiation causing an overabundance of radicals and poor initiator efficiencies.  
No suitable solution for these problems had been put forward and the poor 
performance observed was a major hindrance for any work with amide initiators. 
 
This work describes the development of a system that enabled the usage of novel 
amide initiators for the ATRP of oligo (ethylene glycol) methyl ether methacrylate 
(OEGMA) with high levels of success.  The development of an ideal set of reactions 
conditions was shown to produce materials with low dispersities and molecular 
weight parameters in close agreement to theoretical values. Through the usage of 
UV-visible spectroscopy and quantum chemical calculations the reason for poor 
amide initiator performance was determined to be as a result of the high bond 
dissociation energy of the initiator’s halide as a result of its proximity to the amide 
bond.  This effect could be mitigated, but not eliminated, by performing reactions in 
polar solvent systems.  Optimised reaction conditions were utilised in the synthesis 
of a block copolymer of POEGMA and polyethyleneimine, which shows potential as 
a stabiliser for superparamagnetic nanoparticles and as a controlled drug delivery 
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ARGET  - Activators regenerated by electron transfer 
ATRP   - Atom transfer radical polymerisation 
BDE   - Bond dissociation energy 
CDCl3   - Chloroform-d 
CuCl   - Copper (I) chloride 
DP   - Degree of polymerisation 
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DLS   - Dynamic light scattering 
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EBriB   - Ethyl 2-bromoisobutyrate 
EtOH   - Ethanol 
Ieff   - Initiator efficiency 
kact   - Activation rate coefficient 
katrp   - Rate coefficient of ATRO 
kdeact   - Deactivation rate constant 
kp   - Propagation rate coefficient 
kt   - termination rate coefficient 
LCST   - Lower critical solution temperature 
PEG   - Polyethylene glycol 
PEI   - Polyethyleneimine 
PEI-macroinitiator - Poly(ethylene imine)-graft-(2-bromo-2-
methyl)propanamide 
PMDETA  - N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 
PNIPAAm   - Poly(N-isopropylacrylamide) 
POEGMA  - Poly(oligo ethylene glycol) methyl ether methacrylate 
PRE   - Persistent radical effect 
MeOH   - Methanol 
Mn   - Number average molecular weight 
MBriP   - Methyl 2-bromo-2methylpropanoate 
MBriPA  - N-methyl 2-bromo-2-methylpropanamide 
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MBriPA2  - N,N-dimethyl 2-bromo-2-methylpropanamide 
MBrPA  - 2-bromo-2-methyl-N-propylpropanimde 
MBrPBr  - 2-bromo-2-methyl-propionyl bromide 
MCliP   - methyl 2-chloro-2-methylpropanoate 
MCliPA  - N-methyl 2-chloro-2-methylpropanamide 
MEO2MA   - 2-(2-methoxyethoxy)ethyl methacrylate 
MMA   - Methyl methacrylate 
NMR   - Nuclear magnetic resonance 
RAFT   - Reversible-addition fragmentation chain transfer 
SARA   - Supplemental activator and reducing agent 
SEC   - Size exclusion chromatography 
SET-LRP - Single electron transfer living radical polymerisation 
Sn(EH)2  - Tin 2-ethylhexanoate 
TCP   - Cloud point temperature 
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Chapter 1: Introduction to polymers 
1.1 Polymers 
 
Since the mid-1800s it was known that by using certain chemical reactions it was 
possible to affect the bulk properties of some materials, but it was not until 1922 that 
Hermann Staudinger first proposed that polymers consisted of long chains of atoms 
that are covalently bonded together into “macromolecules”.1  A polymer is now 
defined as a macromolecule that is composed of repeated smaller structural subunits, 
monomers, which are covalently bonded together.  The number of monomer units 
within a polymer chain is known as the degree of polymerisation (DP), and by 
increasing this, the overall polymer molecular weight also rises.  Perhaps the most 
well-known example of a polymer is that of polyethylene which is composed of the 
monomer unit ethylene and sees global usage in packaging, such as plastic bags and 
bottles (Figure 1.1). 
The physical properties of polymers are dependent on the monomer subunits within 
them, the architecture that the units are arranged in, and the molecular weight of 
polymer chains.  Monomers can be found from a wide array of sources, but can be 
roughly defined into two categories: natural and synthetic.  It was monomers derived 
from natural sources that were first experimented on in the 1800s which led to the 
usage of materials such as natural rubber (via vulcanisation) and celluloid (through 




Figure 1.1: Ethylene monomer unit in part of a polyethylene polymer.  The degree of 






Scheme 1.1: Condensation reaction of phenol and formaldehyde to produced Bakelite and 
eliminate water. 
 
The first synthetic polymer was created in the early 1900s when Leo Baekeland used 
a condensation reaction of phenol and formaldehyde to create Bakelite (Scheme 
1.1).
2
   
Interest into synthetic polymers dramatically increased with the onset of the Second 
World War where an alternative to silk was required.  Work by DuPont solved this, 
with the introduction of nylon, a high tensile strength polymer that could be easily 
extruded into threads to replicate the properties of natural fibres.   
Due to the large number of monomers available for polymerisation, and the different 
structural architectures that they can be arranged in, materials can be found for 
almost any application, and this has caused a subject to be created to study these 




Whilst many applications can be completed by changing the monomer composition 
of a polymer, by carefully selecting two or more monomers and combining them in 
one macromolecule, specific functionality can be introduced.  This can be ideal in 
situations where arrays of traits are desired in the final material but using simple 
homopolymers is impossible due to either chemical or physical restrictions. 
The term copolymer applies when a polymer chain is composed of two or more 




Figure 1.2:  Common types of copolymers, where distinct monomer units are displayed as 




architecture is either the result of the polymerisation process or reactivity of 
monomers.  Block copolymers are comprised of two or more different monomers 
polymerised in distinct segments that are covalently bonded.  An alternating 
copolymer consists of a regularly repeating pattern of monomer types throughout the 
whole structure of a polymer chain.  Gradient copolymers are formed when one type 
of monomer tends towards one end of a polymer chain.  Random copolymers have 
no order or pattern as to where individual monomer units will be placed.  Graft 
copolymers involve a central structure of one monomer type that has one of more 
other monomers attached to the central core.  All of these can be seen in Figure 1.2.  
The mechanical and physical characteristics that polymers possess can be drastically 
changed by adjusting the architecture of monomer units within it.  In general block 
and graft copolymers tend to maintain most of the original properties of each 
monomer whereas alternating and random copolymers display more of a 
compromise of the monomer qualities.  Polymeric topology is another effect that can 
affect the functionality of materials.   
Polymers can be described as linear, comb-like, star-shaped and dendritic depending 
on the structure that they exhibit.  Some examples of this can be seen in Figure 1.3 
on the following page. These differing topologies can be created by controlling the 
number of initiating sites that are present for polymerisation to occur from, adjusting 
the method of synthesis, or controlling the ratio of monomer feedstocks.  
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Figure 1.3 – Common architectures of polymers, where distinct monomer units are 




1.1.2 Block Copolymers 
 
As polymer science advanced there was a greater desire to create materials that could 
combine multiple benefits of different monomers in one material.  Block copolymers 
that are created from two or more chemically different monomers tend to keep the 
properties of both parent monomers and open up access to multiple functionalities.
3
  
A diblock copolymer consists of two monomer blocks, whilst a three monomer unit 
copolymer is known as a triblock.  The general notation for block copolymers is of 
the form shown in Figure 1.4 below. 
 
 
Figure 1.4: General notation for block copolymers.   This structure denotes 20 polyethylene 




Block copolymers can be formed into various topologies, both linear and non-linear, 
depending on the number of active sites where polymerisation can occur on initiating 
and propagating species. 
The key advantage of block copolymers over mechanically mixed homopolymers is 
that block copolymers are covalently linked at the interface of each block.  The result 
of this is that the chemical and physical properties of both blocks can be utilised.   
For example, it is possible to create polymers that are hydrophilic and hydrophobic 
in each block respectively, which leads to the creation of complex morphologies 
when introduced to aqueous solvent systems.
4
  Likewise, it is also possible to shield 
both polymer components and payloads in drug delivery vehicles in vivo by using 
protein resistant monomers bound to cores that are able to carry pharmaceuticals.
5, 6
 
One method for the preparation of block copolymers is by synthesising each polymer 
component separately, then coupling them together to form single macromolecules.   
The advantage of this is that each homopolymer can be synthesised exactly to the 
parameters desired.  A variation of this is the synthesis of a macroinitiator, where a 





1.2 Polymerisation Techniques 
 
In order to synthesise polymers with desired topology and functionality new 
techniques for polymerisation had to be developed.  There is no catch-all mechanism 
to create functional polymers, and the techniques that are used tend to be a direct 
consequence of the traits desired in the final product. 
Free radical polymerisations (FRP) have remained some of the most commercially 
successful reactions due to their ability to work with high levels of impurity, at a 
wide range of temperatures and in the presence of water and other solvents.  This 
flexibility enables the operation of manufacturing plants that do not have to work 
under the rigorous conditions of many more recent techniques, lowering the cost of 
production. This has led to FRP being used to produce over 100 million tonnes of 






Polymerisation reactions can be described as either “step-growth” or “chain-
growth”, with the distinction between the two being described by Flory in 1953.8  
Primarily the difference is that a step-growth polymerisation occurs by a reaction of 
the functional groups present in the monomers, whilst a chain-growth reaction is the 
results of a reaction with an ion or radical.  It is important to not get this principle 
confused with the terms “addition polymerisation” and “condensation 
polymerisation”, which do not relate to the mechanisms involved, but to the products 
of the reaction.  In an addition polymerisation only polymer is produced, whereas in 




Free radical polymerisations can be described as a three step process: initiation, 
propagation and termination, as displayed in Scheme 1.2 on the following page. At 
initiation, reactive species are created with an unpaired electron (radical) that will be 
present to attack the vinyl bonds of the monomer units.  This occurs through the 
homolytic fission of the initiator through; thermal decomposition, photoinitiation, or 
chemical reaction.  Once the unsaturated bond has been opened, the monomer unit 
acquires an unpaired electron of its own, causing the initiator-monomer molecule to 
become the new reactive centre. This enables another monomer unit to react with 
this new site, and the free electron is passed along the chain with each successive 
addition.  In an ideal circumstance this propagation continues until the monomer 
feedstock is used.
3
 Termination generally occurs either through bimolecular 
termination, disproportionation or chain transfer processes.  Bimolecular termination 
occurs when reactive sites on two growing chains come into contact with each other 
instead of a monomer unit.  This causes a loss of reactive sites from the overall 
reaction as the charge cannot be passed onto a further reactive site and propagation 
stops.  Alternatively disproportionation occurs when a reactive site interacts with a 
hydrogen atom present on another chain, causing a new unsaturated monomer unit at 
the terminus of the chain.  Similarly to disproportionation, chain transfer processes 
involve an interaction with hydrogen atoms present within the system, though not 
necessarily in another growing chain.  Chain transfer can occur to the solvent, 
monomer, initiator or polymer.  When chain transfer occurs it results in the removal 
of a radical from the propagating system, and the generation of a radical that is likely 





Scheme 1.2: The three stages involved in a radical polymerisation 
 
stabilised on the monomer.  If the chain transfer is to the initiator then further 
propagation may be possible, and chain transfer to the polymer can induce branching 
due to the radical activation site now situated in the middle of a polymer chain.  The 




In practice ideal polymers (with well-defined topology and a controlled degree of 
polymerisation) are impossible to make using FRP due to a number of factors.  It is 
clear from Scheme 1.2 that by having a high number of reactive sites (radicals) 
present within the system the chances of bimolecular termination are increased.  
Further to this, unless the rate of propagation is slower that the rate of initiation there 
will always be a surplus of reactive sites on chains when compared to active initiator 
units.  The rate at which bimolecular termination occurs is primarily controlled by 














again causing chains to terminate faster than they grow.
10
  
The effect of these issues is that polymers produced by FRP tend to terminate early 




I = Initiator 
M = Monomer 
P = Polymer 
 
kd = rate of dissociation 
ki = rate of initiation 
kp = rate of polymerisation 
kbmt = rate of bimolecular 
termination 










Early termination also means it is difficult to create complex topologies as 
terminated chains cannot easily be reactivated, excluding the possibility of simple 
block copolymerisation.  If there have been multiple active sites on polymer chains 
as a result of chain transfer processes, then the material will most likely have 
crosslinked and have significantly different physical properties to a linear polymer.
8
    
These hindrances were not an issue in most bulk industrial applications, and in fact 
the mild conditions that FRP can operate under were economically desirable.  
However, as more complex polymeric architectures were desired to fulfil emerging 
applications in fields such and engineering, electronics and medicine, new 
polymerisation methods were required. 
 
1.2.1 Controlled Polymerisation Techniques 
 
In order to create polymers with complex well-defined architectures, several 
methods for controlled polymerisation were developed.  Often, these techniques 
limited the termination reactions that occurred in the early stages of polymerisation, 
narrowing the dispersity of polymers produced. 
The first system that overcame these problems was demonstrated by Szwarc et al in 
1956, an anionic polymerisation that utilised a rapid simultaneous initiation.
11
 He 
noted the electron transfer properties of polystyrene chains in the presence of a 
naphthalene-sodium initiator and used this mechanism to produce ABA type block 
copolymers.  The initiation step can also be triggered through the usage of a strong 
anion and successful reactions have been carried out using metal amides, alkoxides 
and amines amongst other functional groups.
12
  The mechanism for anionic 
polymerisation is displayed in Scheme 1.3 on the following page.  Unlike FRP, 
anionic polymerisations have no obvious termination reactions; they will progress 
until all monomer is used up.  However, reactions sometimes undergo termination 
through quenching of the active ion due to impurities such as oxygen, carbon dioxide 
or water in the system.  Quenching can also be used to prematurely terminated a 
reaction at determined time through the addition of water or an alcohol.
12
 
Methods similar to this but using radicals instead of anions were soon developed, 
and the new systems became known as “controlled free radical polymerisation” 






Scheme 1.3: Anionic polymerisation of styrene using a strong anion initiator. 
 
molecular structure and narrow dispersities (Mw/Mn < 1.5) compared to previous 
conventional methods. 
 
The full requirements for a polymerisation to be described as “living” were outlined 
by Quirk in 1992.
13
 Simply put, for a polymerisation to be considered living it must:  
 
 Have a linear increase of molecular weight with conversion. 
 Continue propagation until all monomer has been polymerised. 
 Have a constant concentration of active radical species. 
 Produce polymers with narrow dispersities (Mw/Mn < 1.5) 
 Retain the functionality of the polymer end group. 
 Produce block copolymers with the addition of an additional, differing, 
monomer. 
Living polymerisations are generally controlled by having a low concentration of 
active propagation sites within the reaction.  This means that the dynamic 
10 
 
equilibrium that forms between dormant polymer chains and active species favours 
the dormant chains, limiting the chance of bimolecular termination, or any other side 
reaction that could prematurely stop the reaction.  In many techniques this dynamic 
equilibrium is brought about through either a degenerative transfer process or a 
mediating species. 
The degenerative transfer process involves moving the active centre from a growing 
polymer chain to either another molecule or a different site on the same molecule.  
This affords some level of control of the polydispersity of the system depending on 
the specific methods used.  The most widely used form of this is reversible addition-
fragmentation chain transfer polymerisation (RAFT),
14
 although other techniques 
exist such as iodine-transfer radical polymerisation (ITRP)
15




In a mediated process radicals are switched between an activated and terminated 
state, ensuring that there can only ever be a small number of propagating species.  
Perhaps the most widespread usages of this process are atom transfer radical 
polymerisation (ATRP),
17
 where transition metal halides are used to reversibly 
generate radicals for propagation, and nitroxide mediated polymerisation (NMP).
18
  
Whilst other techniques include variations of ATRP such as activator regenerated by 
electron transfer ATRP (ARGET-ATRP),
19
 or copper (0) mediated systems such as 
supplemental activator reducing agent ATRP (SARA-ATRP)
20
 and single electron 
transfer living radical polymerisation (SET-LRP).
21
  
The overall mechanisms for the degenerative transfer and radical mediation 
processes are displayed in Scheme 1.4 on the following page. 
For these techniques to be successful the rate of propagation during polymerisation 
must be lower than the rate of dormant to active species exchange, and the number 
of self-terminating reactions must be kept to a minimum, leading to all polymer 
chains retaining their end-group functionality.  Ideally this enables polymers created 
by CFRP to be re-initiated in the presence of a new monomer feedstock in order to 
either increase the molecular weight of a homopolymer, or create desirable copolymers.  
When CFRP is successful it also enables the synthesis of polymers with extremely 
narrow dispersities due to the uniform, simultaneous, growth of all polymer chains 




Scheme 1.4: Mechanisms for i) degenerative transfer and ii) radical mediated processes 
 
The downside to this is that CFRP struggle to produce polymers with high molecular 
weights due to the total number of radicals at any given moment being limited in the 
system.  With a low radical population the time-scale for reactions to reach high 
molecular weights is increased. Whilst this can be adjusted by optimizing reaction 
conditions, any increase to the rate of polymerisation by temperature or solvent 
could directly influence the ratio of dormant to active species, adversely affecting the 
control of the system.   
It should be noted that whilst the terms “living” and “controlled” are often used 
synonymously within polymer science, but there are some key differences between 
the two. Matyjaszewski notes that a “living” polymerisation does not inherently 
provide control over the architecture of the polymer synthesised, nor its molecular 
weight parameters.
22
 A controlled polymerisation can be defined as one where the 
final polymer created has a targeted molecular weight that is determined upon 
initiation by the ratio of monomer to initiator used.  It should also have a well-
defined structure and maintain end group functionality.  This is achieved by a fast 
initiation step but relatively slow propagation and is generally carried out through 
the transfer of the active site of polymerisation.  The result of this is the uniform, 
simultaneous, growth of all polymer chains resulting in a low dispersity for the 
material that is produced.   
P = Polymer 
M = Monomer 
X = Deactivating species 
12 
 
Whilst these traits can be desirable in “living” polymerisation they do not fully 
match what Quirk outlined as essential.
13
  A slow initiation step similar to FRP is 
possible, and this brings with it the problems associated with that reaction 
mechanism.   
The difference between these two terms can be clearly highlighted when looking at 
the kinetics of a specific reaction. A reaction that shows “living” characteristics 
under a set of specific conditions can vary drastically when temperature or solvent 
changes, elucidating the “non-living” nature of the polymerisation.  In an effort to 
get around this, the term “controlled/living” can be used to describe systems where 
characteristics of both are present,
 
and IUPAC recommends the usage of reversible-
deactivation radical polymerisation (RDRP) when talking about any mechanism in 
which: “chain polymerisation is propagated by radicals that are deactivated 
reversibly, bringing them into active-dormant equilibria”, and only using the term 
“controlled” when talking specifically about the topology of a polymer or the 




1.2.2 Reversible-addition fragmentation chain transfer 
polymerisation (RAFT) 
 
The reversible-addition fragmentation chain transfer polymerisation (RAFT) system 
was first published by Rizzardo et al in 1998.
14
 The RAFT process relies on a free 
radical initiator to start the polymerisation, and then the active site of a growing 
polymer chain is temporarily transferred to the RAFT agent forming a dormant 
species. Upon reinitiation the radical group “R” can react with monomer to form a 
second growing polymer chain, allowing polymerisation and chain transfer from 
both sides of the RAFT agent.  
The radical stabilisation by the RAFT agent is a reversible process, and the dynamic 
equilibrium that forms between dormant and active chains is comparable to the 
dynamic equilibriums that form in other RDRP such as NMP or ATRP.   
The specific chain transfer reagent that is used in the polymerisation is critical in 
controlling the molecular weight parameters and dispersities of polymer that are 
synthesised.  Most commonly used RAFT agents are composed of dithioesters, 
dithiocarbamates or dithiobenzoates, but all require three properties to be successful: 
13 
 
a reactive C=S bond, a “Z” group stabiliser (often a phenyl group), and a free radical 
leaving group “R”.14, 24 Due to the importance of the role the RAFT agent plays 
within the polymerisation, they are often tailored to the monomer and solvent system 
that is used in the synthesis. 
The RAFT system is probably the most commonly used degenerative transfer 
process polymerisation, and has been utilised in the synthesis of controlled polymers 
and block copolymers with, and without, complex morphologies.
25
  Block 
copolymers are formed by reinitiation of a dormant polymer chain with a new 
monomer, whilst star shaped polymers can be prepared by using a RAFT agent with 
multiple dithio moieties.
26
 A simplified mechanism for the RAFT process is shown 
in Scheme 1.5 on the following page. 
Due to the RAFT agent being composed of dithio moieties, polymers produced by 
the RAFT process often retain some sulphur following synthesis.  The results of this 
are polymers that are often highly coloured or possess an unpleasant smell, making 
them undesirable for applications where these factors are detrimental.  As the 
process developed it was found that the RAFT agent could be regenerated by using a 
free radical source, reducing the sulphur moieties leftover in the polymer.
27
  
Furthermore, the chain transfer agent could be functionalised following 
polymerisation to give materials produced increased utility.
28
 These advances were 
shown to mitigate the colouration of synthesised polymers, as well as opening up 
new synthetic options due to increased functionality. 
Besides the somewhat detrimental properties of polymers produced by the RAFT 
process, another major problem is that the chain transfer agents often have to be 
synthesised specifically for each unique reaction.  Whilst some RAFT agents are 
now commercially available,
29
 in order to create highly functional or specific 
topologies within a polymer the RAFT agent still needs to be synthesised for a 
specific set of conditions.  In addition to this, as the amount of monomer in the 
system decreases the rate of bimolecular termination increases, especially when a 
free radical initiation source is used. In order for polymers produced by the RAFT 
process to maintain their chain activity for further reactions the polymerisation 




Scheme 1.5: Simplified mechanism for the RAFT process.  The reaction is initiated with a 
free radical source, such as azobisisobutyronitrile (AIBN).  Propagating polymer radicals are 
reversibly stabilised by the RAFT agent, producing leaving group “R” radicals which 
continue the polymerisation.  Polymer chains Pn and Pm continue to be stabilised by the 












1.2.3 Nitroxide mediated polymerisation (NMP) 
 
Nitroxide mediated polymerisation (NMP) utilises a dynamic equilibrium that forms 
between dormant alkoxyamines and active propagating polymer species in a similar 
fashion to other RDRP.  The technique was developed by Hawker et al in 1994 and 
initially reported the use of 2,2,6,6,-tetramethylpiperidinyl-1-oxy (TEMPO) as a 
“thermally labile capping agent for growing polymer chains” used in the 
polymerisation of styrene.
30
 Since then the technique has progressed and now the 
radical mediator can range from (arylazo)oxy, substituted triphenyl, verdazyl, 





Scheme 1.6: Simplified mechanism for the NMP of styrene using BPO as an initiator.  The 
reaction initiates with the thermally promoted homolysis of BPO to produce radicals.  
Generated radicals encounter styrene monomer and the propagating polymer chain has its 
active site mediated by the nitroxide radical (TEMPO).  The nitroxide radical produces a 
thermally labile alkoxyamine, which acts as a reversible termination event, allowing the 







Within the mechanism TEMPO is often described as a persistent radical, an idea that 
shares similarities to the process within ATRP described later.  Early reactions 
revolved around bimolecular initiators such as benzoyl peroxide (BPO), but as the 
technique progressed new research led to the synthesis of unimolecular initiators 




NMP is a relatively facile process and its ability to produce polymers in bulk with 
high molecular weights is very advantageous.  In addition to this, NMP is an entirely 
thermally initiated process, requiring no external radical source or metal catalyst as 
in other RDRPs.  The downside however is that many reactions require high 
temperatures (the seminal paper carried out NMP at 130 ºC), and the range of 
monomers that can be used is limited.
18
  In fact, it was only in 2014 that the 
homopolymerisation of a group of methacrylates was carried out at relatively low 
temperatures (40-50 ºC) using NMP by Detrembleur et al.
31
  
Also, similarly to RAFT, both the nitroxide mediating molecule, and the initiating 
radical source often have to tailored and synthesised for the required application, 
with only a small range of commercially available options on offer.   
A simplified mechanism for NMP is shown on the previous page in Scheme 1.6. 
 
1.2.4 Atom Transfer Radical Polymerisation 
 
Since its development in the mid-1990s copper mediated atom transfer radical 
polymerisation (ATRP) has become a fascinating tool for the creation of well 
defined, controlled polymers due to its relatively facile experimental technique and 
the lack of stringent reaction conditions necessary for successful reactions.
32
  ATRP 
was developed simultaneously and independently by Matyjaszewski and Sawamoto 
and has become one of the most intensively researched synthetic methods for 




The primary mechanism of ATRP involves the homolytic bond cleavage of a 
carbon-halogen bond, and the radical that is formed subsequent attack of a vinyl 





Scheme 1.7: Simplified mechanism for the ATRP of a vinyl monomer.  R-X denotes an 
initiator where X is a halide, generally Cl or Br. LnMt
m
 represents a complexing ligand with 
metal halide capable of adopting a higher oxidation state, often CuCl or CuBr.  Initiation 
occurs due to the reversible disassociation of the alkyl halide and the metal halide catalyst.  
Alkyl radicals then encounter monomer to produce propagating polymer chains. 
Termination occurs leaving a halide capped chain or as an unwanted side reaction. 
 
 monomer units which are mediated by the re-addition of the halide.   
This process was first studied using copper (Matyjaszewski) and ruthenium 
(Sawamoto) halides, but has now been proven to be successful using a wide array of 
transition metals including iron, nickel and palladium as well as the seminal 
ruthenium and copper.
34
  Vinyl monomers are susceptible to this reaction and the 
most commonly studied are styrene, acrylates, and acrylamides.
7
  ATRP is a RDRP 
technique that enables access to customised homo and block copolymers of 
controlled molecular weight and low dispersity.  Polymers created by this technique 
have started finding applications in areas as widespread as drug delivery systems, 
electronics and even controlled nanocomposite synthesis.
35, 36
  By using a 
functionalised initiator additional reactivity can be added to the α-end of polymer 






The ATRP system is a multicomponent package consisting of: halide initiator, 
transition metal halide, aliphatic amine ligand, monomer and solvent.  Varying these 
components can have drastic effects on the outcome of materials produced, and in 
order to achieve successful “living/controlled” reaction reagents must be chosen 
carefully.   
The basic mechanism of ATRP is that a transition metal halide complexed to a 
ligand in solution can reversibly react with an alkyl halide based initiator.  As the 
halide atom dissociates from the alkyl halide, the transition metal undergoes 
oxidation and is complexed again with the ligand (and required halide or counter-
ion) to force its dissolution into the solvent and balance the redox potential of the 
system.  This produces a radical that will propagate the reaction via interaction with 
vinyl groups within a monomer unit and then return the halide from the transition 
metal (lowering it back to its original oxidation state) and placing the halide back on 
the end of the polymer chain.
34
     
This causes the uniform growth of all polymer chains simultaneously as the 
monomer feedstock is used up.  This is achieved by a rapid initiation step, creating 
many growing polymer chains at the very beginning of the reaction, but a fast 
reversible deactivation of radicals formed from initiation.  The number of active 
radicals is controlled by a dynamic equilibrium that is formed between the number of 
chains that are capped with dormant halogen atoms, and the number of chains that 
contain a propagating radical.  To ensure that there are fewer radicals present in the 
system, and that kinetic control is maintained, the equilibrium lies heavily in favour 
of the creation of dormant chains and a low number of propagating radicals.  This is 
brought about due to the high strength of the carbon-halide bond, which requires a 
relatively large amount of energy to break and create a radical.
34, 37
  
A key feature that brings about the kinetic and molecular weight control of ATRP is 
what is known as the “persistent radical effect” (PRE).38  The PRE comes about due 
to the fact that at the start of a reaction there are very few higher oxidation state 
transition metal (Mt
n+1
) species present in solution.  This means that there is a chance 
of bimolecular termination between propagating polymer chains, causing an overall 
increase in the total amount of Mt
n+1
 relative to the number of polymer chains in the 





  This accumulation of Mt
n+1




Scheme 1.8 : Mechanism by which the persistent radical effect occurs, leading to an 




dynamic equilibrium between active and dormant chains back towards the dormant 
side, as there is now a greater chance of interaction between Mt
n+1
 and any 
propagating species.  A small percentage of termination reactions can occur which 
are attributed to either radical – radical bimolecular termination, or 
disproportionation of the metal halide leading to a C=C bond formation. The 
majority of the material should exhibit polymer chains end capped with the halide 
used in the system.  This enables polymers produced by ATRP to be readily used as 
macro-initiators for subsequent polymerisations to synthesise block copolymers. 
By using functional initiators, polymers produced can easily be tailored to the 
specific role that they are required to fill.  The only real requirement for an initiator 
is that it is an alkyl halide where the radical will be stabilised by an electron 




1.2.4.1 Kinetics of ATRP 
As has been mentioned previously in this chapter, the high degree of control that 
ATRP provides over molecular weight and dispersity is a result of the dynamic 
equilibrium that forms between activation and deactivation, shown in Scheme 1.9.  
The equilibrium can be described in terms of the rate of activation (kact) and the rate 
of deactivation (kdeact), the ratio of which describes the overall rate of ATRP (katrp), 




















where [P•] is the concentration of propagating polymer chains, [Cu(II)] is the 
concentration of Cu(II) halide, [PX] is the concentration of dormant polymer chains, 
and [Cu(I)] is the concentration of Cu(I) halide. 
If control over the reaction is to be achieved katrp must be kept low, as this will 
reduce the chance of propagating radicals suffering termination reactions that are 
seen more often in a conventional radical polymerisation.  If the value of kact is too 
low however, the reaction will progress extremely slowly, whilst if kact is too large 
then the reaction will progress rapidly but not possess living characteristics as 
termination reactions occur alongside polymer propagation. 
 
The rate at which polymerisation occurs specifically (Rp) is defined by Equation 1.2: 
 






Scheme 1.10 : Reactions contributing to the atom transfer equilibrium. 
 
where kp is the rate of propagation, [P•] is the concentration of propagating species, 
and [M] is the concentration of monomer.  Clearly, if the concentration of 
propagating species increases, then Rp will also increase. From Equation 1.1, if this 
is not countered by an increase in kdeact, then the total value for katrp will also rise and 
control of the system will be lost.  
The overall dynamic equilibrium that is occurring within ATRP is actually composed of 
four separate equilibria (shown in Scheme 1.10), all of which have an effect on the total 
katrp.
39, 40 kET represents the electron transfer between low oxidation state metal halides, 
to the higher state, kEA is the electron affinity of the halide, kBD is the rate of homolysis 
of the alkyl halide bond, and kHP is the association of the halide to the metal ligand 
complex.40  A modification to any of these values, by variation of any component within 
a reaction, will affect the overall katrp causing an increase or decrease in the level of 
control present within the polymerisation.  These equilibria are known to be very solvent 
dependent, with kEA expected to be relatively high in protic solvents such as water or 
ethanol.41  If it is assumed that kET, kEA and kHP are constants within a given 
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polymerisation, then kATRP is only really dependent on the bond dissociation energy of 
the halide bond (kBD).
40, 42 From this, if the rate of polymerisation of a given monomer is 
known, the relative rates of polymerisation for different monomers can be calculated by 
using identical reaction conditions.34, 42 The most common form of evidence provided as 
to whether a specific ATRP reaction is living is in the form of a kinetic plot created from 
samples recovered from polymerisations in progress.  ATRP reactions should possess 
pseudo first order characteristics, as at any given time during the polymerisation the 
concentration of monomer is significantly greater than the concentration active 
propagation sites.   
Figure 1.5: Semi-logarithmic kinetic plot (top) displaying relative monomer conversion 




The only time this is not generally true is towards the end of the reaction, as the relative 
concentration of monomer decreases following its conversion to polymer.  Due to the 
pseudo first order nature of the reaction a semi-logarithmic plot (where only one axis 
uses a log scale) of monomer conversion against time should be linear, and any 
deviations from this pattern suggest that polymerisation is occurring in an uncontrolled 
manner.  If the semi-logarithmic plot shows a plateau after a period of linearity, then it is 
indicative of termination occurring, whilst if there is slow initiation, plots tend to only 
attain linearity after an inductive period.40   
The semi-logarithmic plot is generally displayed alongside a plot of molecular weight 
against conversion, which is also expected to be linear due to the controlled manner in 
which monomer is added to propagating polymer chains.  Examples of these plots are 
shown in Figure 1.5 on the previous page. If the rate of termination remains low in a 
reaction, and the concentration of propagating radicals is low compared to the 
concentration of monomer (pseudo first order), then Equation 1.3 describes the 












where [RX]0 is the concentration of alkyl halide at initiation, [Cu(I)] is the 
concentration of Cu(I) species, [Cu(II)] is the concentration of Cu(II) species, kp is 




The kinetics of ATRP using different reagents has been widely investigated, and the 
effect that a wide range of initiators, ligands, monomers and solvents have on rates 




1.2.4.2 Metal halide catalyst system 
Whilst recent pioneering work has demonstrated the metal free ATRP of vinyl 
monomers,
48
 the catalytic systems for ATRP generally consists of a transition metal 






Scheme 1.11 : The proposed complexation between bidentate ligands and copper when 




The most commonly used metal halides are copper based, in part due to the volume 
of work that the Matyjaszewski group have produced following the discovery of 
copper mediated atom transfer radical polymerisation of styrene in 1995.
17
  
Simultaneously to this the Sawamoto group demonstrated a ruthenium mediated  
polymerisation of methyl methacrylate.
33
  Since these seminal papers a wide array of 
transition metal halides have been proven to conduct ATRP successfully, although  
copper remains commonly used due to its ready availability and comparatively 




The fundamental features that a metal halide must possess to catalyse an ATRP are: 
two valence states that are one electron apart, and an affinity for halogens.  This 
allows the metal to undergo redox reactions: being oxidised from its lower state Mt
m
, 
to its higher state Mt
m+1
, when it accepts a halide from either the initiator or a 
propagating polymer chain, and then be reduced back to Mt
m
 when the halide is 
returned to deactivate a propagation site. 
The overall activity of a catalyst system is dependent both on the redox potential of 
the metal halide, and the affinity of the transferred atom for the transition metal 
complex (kET and kHP on Scheme 1.10).
39
 It is important that the affinity of the 
transition metal towards halides is high in order to prevent the formation of 
organometallic derivatives through an alkyl radical interaction with the transition 
metal core.   
If transition metal complexes possess similar values for the association of the halide 
to the metal ligand (kHP), then the redox potentials can be used to indicate the 
relative activity of the catalytic system.
52
  Matyjaszewski et al performed cyclic 
voltammetry studies of copper complexes with a wide array of ligands in order to 
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determine the redox potentials of ATRP catalyst systems.  CuCl species typically 
showed lower redox potentials than CuBr species, and the overall redox potential of 
a species was observed to decrease as the number of coordination sites present on the 
ligand increased.
52
  The reason given for this is that the lower the redox potential of 
the system, the large the apparent equilibrium constant for the oxidation reaction of 
Cu(I) to Cu(II) species, resulting in a higher activity in catalysing the system. In 
general it would be expected that the kATRP of CuBr systems would be many orders 
of magnitude greater than for CuCl, as a result of the difference in bond dissociation 
energies between C-Br and C-Cl, but it is actually much smaller as a result of the 
electron affinity of chlorine.
53
 
The ligand that is selected has a contribution in determining the redox potential of 
the system, and acts to solubilize the transition metal complex in the reaction 
medium for efficient atom transfer.
34, 54
 Numerous ligands have been developed, 
utilised, and characterised for ATRP, and the specific ligand selected is often chosen 
depending on the transition metal being used as catalyst.  Copper and iron catalysed 
systems tend to be successful using multidentate aliphatic amine ligands, whilst 
ruthenium systems tend to use alkylidenes and metallocenes.
45, 55, 56
  
Early ATRP reactions made use of the bidentate ligand 2,2’-bipyridine (Bpy).  It was 
demonstrated that the ratio of ligand to copper affected the level of control over the 
reaction, with a Cu:ligand ratio of 1:2 being optimal for Bpy.
45, 57-60
 It was observed  
 
 





that if the ratio of Cu:Bpy was altered to 1:3 the ATRP of oligo (ethylene glycol) 
methyl ether methacrylate occurred three times as fast, but the dispersity of prepared  
POEGMA was measured as 1.45 as opposed to 1.20 when a 1:2 Cu:Bpy ratio was 
used.
58
  The addition of various substituents to the Bpy structure was shown to 
improve the solubility of copper halides in reaction mixtures, and resulted in 
narrower dispersities.  The addition of alkyl chains with at least four carbon centres  
to the 4,4’ position of Bpy produced a series of ligands that when used in the ATRP 
of styrene produced polymers with extremely narrow dispersities (Ð ≈ 1.05).61 The 
attachment of these alkyl chains was also noted to increase the kact of ligands, with a 
value of 0.2 being measured for 4,4’-dinonyl-2,2’-bipyridine compared to 0.066 for 
the original Bpy.
45
 Eventually tri- and tetradentate ligands were developed, and 
displayed high relative kact values again.  The structure-related reactivity of various 
ligands were studied by Tang and Matjaszewsk.
62
  In general ligand reactivity within 
ATRP follows a general principle of: tetradentate (cyclic-bridged) > tetradentate 
(branched) > tetradentate (cyclic) > tridentate > tetradentate (linear) > bidentate, 





It is known that for the successful synthesis of controlled polymers via ATRP the 
katrp must be low.  Investigations into the katrp of ligands, such as the one displayed in 
Figure 1.7, highlight the importance in selecting suitable reagents for specific 
reactions.  In the experimental setup used by Tang et al to produce Figure 1.7 (ethyl 
2-bromoisobutyrate (EBriB), Cu-X (where X is Br or Cl) and acetonitrile), values of 
3.9x10
-9






 were recorded for Bpy, dNBpy, PMDETA 
and Me6TREN respectively.
43
 Even though the katrp values across these four ligands 
(in this system) vary by orders of magnitude, they have all been used in the synthesis 
of controlled polymers in other, different reaction conditions where alternate 






Figure 1.7: kATRP constants for various ligands when used in conjunction with CuBr catalyst, 





In an ATRP reaction the degree of polymerisation (DP) of a prepared polymer can 











where [M] is the concentration of monomer, [I] is the concentration of initiator, Mn 
is the observed molecular weight of the synthesised polymer, and M0 is the 
molecular weight on a single monomer unit.  The DP of a produced polymer can be 
calculated by dividing the Mn by M0 and if the polymerisation is “living” it should 
also be proportional to the ratio between concentrations of monomer and initiator 




Initiators for ATRP are of the general form R-X, where R is an alkyl group and X is 
a halide (predominantly Br or Cl) which acts as an ATRP initiation site.
43, 46
 The R-
X bond tends to be adjacent to an electron withdrawing moiety (such as a carbonyl 
or benzyl group) which helps to activate the R-X bond by increasing its polarity and 
therefore allowing the creation of a more stable radical.
63
 One way that this occurs is 
through the donation of an electron from a lone pair (as in an amide or ester 
initiator), which enables a resonance structure to form that distributes the positive 
charge of the carbocation.  If this stabilisation effect is too strong then the high 
resulting bond dissociation energy of the R-X bond will result in poor initiator 
efficiency or a complete lack of polymerisation.  The structure of the initiator is 
therefore of critical importance in determining the success of a polymerisation, due 
to its significance in the kact.  In a lot of cases the general molecular structure of an 
initiator is chosen to be similar to that of the monomer, such as EBriB for the ATRP 




The general trend in activities for ATRP initiators was elucidated by Tang and 
Matyjaszewski, and is in increasing order: amide < ester ≈ aryl < cyano, with the full 
plot of their results shown in Figure 1.8.
46
  Initiators with the R-X bond found  
 
 
Figure 1.8 : katrp constants for a range of initiators using TPMA as ligand, acetonitrile as 





adjacent to a tertiary carbon exhibit the highest activities, followed by secondary and 
then primary carbon centres.  This is again due to the increased stabilisation that a 




For a successful ATRP the rate of initiation must be faster than the rate of 
propagation, and the R-X bond must be sufficiently transient in order to allow for the 
rapid generation of radicals.  This means that when considering the polymerisation 
of a specific monomer the efficiency and reactivity of the initiator must be taken into 
consideration.  Matyjaszewski et al demonstrated this principle with the ATRP of 
MMA using a range of initiators.
65
  They found that using initiators with very high 
katrp (such as benzhydrylchloride) resulted in low monomer conversions, slow 
polymerisations and an apparent build-up of Cu(II) species immediately after 
initiation.  EBriB on the other hand (which has a lower activity relatively) produced 




The most common choices of halogen for the initiator are Br and Cl.  Alkyl iodides 
have shown to be effective for acrylate polymerisations in copper mediated ATRP, 
and for the polymerisation of styrene in ruthenium or rhenium mediated ATRP, but 
care must be taken with their usage due to their light sensitivity.
34, 64
 
The desire to create functional polymers with complex molecular architectures led to 
the development of molecules with more than one ATRP initiating site.
34
 This has 
enabled the synthesis of star or branched polymers that still possessed controlled 
kinetic characteristics throughout the polymerisation.
66
  Additional functionality, 
aside from molecular architecture, can be introduced into polymers through careful 
design of the other end of an initiator.  As long as the requisite activated R-X bond is 
incorporated into the molecular design, then the remainder of the initiator can be 
modified to produce specific α-end functionality in produced materials.  This can 
serve a precise functional role in a desired application, or simply open the material 
up to further chemical reactions that can be performed post polymerisation.  Due to 
materials being produced by ATRP retaining an activated C-Br bond, polymers 
produced by ATRP can themselves be reactivated to act as macroinitiators in 





Whilst initiators with an amide bond activating the R-X bond have previously 
attracted little interest in the literature, probably due to their known low activity 
(Figure 1.8 on the previous page), the presence of an amide bond would be 
beneficial in numerous circumstances.  Not only is the chemistry of amide bonds 
well known, allowing additional synthetic routes to functionalisation, but it is a type 
of bond that is often found in biological chemistry.
67, 68
 Whilst some amide initiated 
systems have been shown to be effective, many produced polymers that had broad 
dispersities, higher than predicted molecular weight parameters, and polymerisations 
that converted low percentages of monomer to polymer.
67-73
  Many different possible 
explanations have been given for this effect within the literature, often in 
contradiction to each other, with no clear investigation into what is actually 
occurring.  The problems with amide initiators and associated explanations for these 
problems will be talked about in greater detail in Chapter 3. 
 
1.2.4.4 Monomer 
ATRP has been shown to be effective in the polymerisation of a wide range of 
monomers, with the only requirement being a vinyl group that is susceptible to 
attack by the radicals produced upon initiation.  ATRP was first demonstrated with 
the polymerisation of styrene by Matyjaszewski et al, and methyl methacrylate by 
Sawamoto et al.
32, 33














 and many more, have all been synthesised through this process. 
Each individual monomer has a unique katrp, which is highly dependent on the 
stabilisation of the propagating radical.  The radical is stabilised by the presence of 
an electron withdrawing group (meth/acrylate, amide, etc.) in the same way as the 
initiators, often meaning that monomer and initiator share similar chemical 
structures.  The rate of propagation is also unique to every specific monomer, so 







The main role that the solvent provides is in aiding the solubility of the catalytic 
system as well as the polymer.  Under some conditions ATRP can be carried out in 
the bulk, as long as the catalyst/ligand is soluble in the monomer.
37, 83
  Solvent is 
also an important part of the kEA (sub equilibria for katrp, Scheme 1.10), as the 
electron affinity of a halide in known to be higher in protic solvent such as water or 
alcohols.41 The total amount of solvent used within a reaction mixture is also expected 
to have an effect on the rate of polymerisation, as when monomer is more dispersed in a 
solution there is reduced chance of radical monomer interaction.77 
Finally, solvent has also been proposed to be a differentiating factor in the mechanism 
that occurs when performing some Cu(0) mediated polymerisations. Percec et al 
demonstrated that a polymerisation of methyl acrylate in DMSO possessed 
characteristics of single electron transfer living radical polymerisation (>98% 
polymer bromine functionality indicating few bimolecular terminations), but if 
reaction conditions remained constant and MeCN was used as solvent, the reaction 
had characteristics in line with conventional ATRP (80% bromine functionality at 
86% monomer conversion).
84
   
 
1.2.5 Removal of catalyst from ATRP polymers 
 
Overall ATRP is viewed as an extremely versatile technique that can be used to produce 
polymers from a wide range of monomers, with exacting control over polymer 
molecular weight parameters and topologies through the use of multi-functional 
initiators.  The major drawback of ATRP is that often there are often significant amounts 
of catalytic system left in polymers that have been produced.  Due to this, there has been 
a large amount of experimental effort put into either the removal of catalyst from 
products of ATRP, or analogous polymerisation systems using smaller amounts of 
catalyst such as; ARGET-ATRP, SARA-ATRP, or SET-LRP. 
The most commonly used transition metal for ATRP is copper, and as such the rest 
of this chapter will discuss methods of copper removal or RDRP methods involving 
low catalyst quantities. Various industrial applications require the removal of excess 
copper as it is both expensive as a reagent and possibly undesirable aesthetically if 
the colour of a prepared material is important.  In medical applications the presence 
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of copper is potentially hazardous, as while copper is found in trace amounts within 




The most common methods of copper removal are precipitation into polar solvents, 
or running polymer solutions through columns containing alumina or silica.  It is 
know that copper complexes formed with aliphatic ligands are highly soluble in 
polar solvents.
86
  By precipitating the polymer into a solvent such as methanol, the 
polymer can be recovered by filtration whilst the copper/ligand complex remains in 
solution. 
Ion-exchange resins have been shown to be highly effective in the removal of copper 
from ATRP polymers.
87, 88
  The usage of a cationic macroporous exchange resin 
enabled the removal of over 95% of a CuBr/PMDETA catalyst system, but it was 
noted that the amount of CuBr removed was dependent on the polarity of the 
solvent, ionic character of the resin, pH of the solution, cross-linking degree of the 
resin, acidic strength, and the size of the ion exchange resins.
87
  The down side of 
this is that it was observed that to achieve higher levels of copper extraction the 
polymer had to remain in contact with the resin for long periods of time. 
An alternative method utilised a poly(ethyleneimine) (PEI) “macro-ligand” as part of 
a recoverable catalyst system for the ATRP of methyl methacrylate (MMA).  The 
numerous amine sites within the PEI structure enabled complexation with cuprous 
halides, and the catalyst could be recovered by precipitating the synthesised polymer 
into methanol, where the macro-ligand remained soluble.  Following filtration to 
remove the PMMA, the macro-ligand was recovered by exposing the remaining 
methanolic solution to a vacuum.
89
  The strong affinity of PEI for copper is 
something that became extremely relevant with the synthesis of the PEI-graft-
POEGMA copolymers that are discussed in Chapter 4. 
The alternative to removing copper from synthesised polymers is reducing the 
amount of catalyst that is used for the reaction.  To this end numerous low catalyst 
systems have been developed recently.  Most notable amongst these systems are 
ARGET-ATRP, a variant of conventional ATRP that utilises a reducing agent to 
recover Mt
n+1
 that is part of the PRE, and a pair of copper (0) mediated systems: 




1.2.5.1 Activator regenerated by electron transfer ATRP (ARGET-ATRP) 
Activator regenerated by electron transfer ATRP (ARGET-ATRP) is a variant of 
ATRP that makes use of a reducing agent to mitigate the persistent radical effect.  
The result of this is that any Cu(II) species that form within the reaction are reduced 
back to Cu(I), and the total amount of copper halide that is required in the system is 
lowered.  
ARGET-ATRP was first reported by the Matyjaszewski group in 2006, where tin(II) 
2-ethylhexanoate (Sn(EH)2) was used as a reducing agent in the ATRP of styrene.  
CuCl2 was the only transition metal halide introduced to the system, and the dynamic 
equilibrium required for RDRP was created by it being reduced to CuCl by the 
Sn(EH)2.
90
 Polymers produced by this method showed low dispersities (<1.28), and 
experimental molecular weight values close to those predicted theoretically, whilst  
using copper amounts in the tens of parts per million range (ppm), as opposed to the 
typical 1000 ppm. 
A side advantage of ARGET-ATRP is that the whole system is made more robust by 
allowing for a limited amount of oxygen to be present within the reaction.  In 
conventional ATRP any unforeseen oxidation of Cu(I) to Cu(II) is detrimental, as it 
results in the permanent loss of a propagating chain.  In ARGET-ATRP Cu(II) 
species are rapidly reduced back to Cu(I), allowing continued polymerisation. 
Scheme 1.12: Proposed mechanism for ARGET-ATRP.
84
  The reducing agent acts to 
regenerate Cu(I) species by reducing inert Cu(II) back to its low oxidation state form, 
allowing it to react again with alkyl halides and continue propagation. 
34 
 
The actual amount of reducing agent in the reaction has to be carefully managed.  If 
too little is added, then any residual oxygen will not be mitigated, causing a lack of 
Cu(I) species for living polymerisation.  On the other hand, if too much reducing 
agent is added then a significant loss of control is observed within the system due to 




1.2.5.2 Supplemental activator and reducing agent ATRP (SARA-ATRP) 
 
Scheme 1.13: Scheme showing the processes proposed to be occurring during SARA-ATRP 
– dashed lines indicate those which are not considered occurring, bold lines indicated being 




Supplemental activator and reducing agent ATRP (SARA-ATRP) is a different 
variant of conventional ATRP that uses the addition of Cu(0) to act as an additional 
activator in the dynamic equilibrium between Cu(I) and Cu(II) species.  Cu(0) is 
activated by the alkyl halide (initiator or propagating polymer) to form Cu(I), which 
then undergoes conventional ATRP to synthesise polymers.  Again, the result of this 




PMMA polymers with dispersities of 1.20 were prepared using only 250ppm of 
CuBr2, N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA)  and zero valence 
copper wire as the catalyst system.
93
 When the CuBr2 was excluded from an 
analogous reaction, the level of control was reduced, as shown by pseudo-first order 
logarithmic plots which no longer displayed a linear correlation.  This data shares a 
resemblance to similar results produced from ARGET-ATRP systems, where 
polymerisation rates are not dictated by the concentration of the catalyst, but by the 





It is proposed that the activation of alkyl halides by Cu(0) is very slow, and the 
comproportionation of Cu(II) with Cu(0) mitigates the small number of radicals that 
are lost in the early stages of the reaction due to the low quantity of starting Cu(II) 
species.  Supplemental activation has been shown to be successful with various zero 
valence metals including; iron, magnesium and zinc.
20
 Several polymerisation of 
methyl acrylate were carried out using the various metals and generally produced 
polymers with dispersities less than 1.3 and showed controlled characteristics from 
kinetic plots. 
It should be noted that within the current literature there is some debate as to the 
exact mechanism at play in these circumstance.
92, 94
  The alternative model is known 
as single electron transfer living radical polymerisation and will be discussed next, 
along with the differences between the two mechanisms. 
 
1.2.5.3 Single electron transfer living radical polymerisation (SET-LRP) 
Single electron transfer living radical polymerisation (SET-LRP) follows a reaction 
mechanism that varies slightly from traditional ATRP.  The key process in SET-LRP 
revolves around the rapid in situ disproportionation of Cu(I) species to Cu(0) and 
Cu(II), and it is the Cu(0) species that activate the alkyl halide initiator to trigger 
polymerisation.  The Cu(II) formed fulfils the same role as in conventional ATRP, 
by acting as a deactivator to a propagating radical.  The result of this is an ultra-fast 
controlled polymerisation that can be used in the polymerisation of vinyl 
monomers.
21
 Typical reaction times for SET-LRP are measured in minutes, as 
opposed to conventional ATRP which generally take hours.
21
  
Typical SET-LRP reactions can be carried out in conditions that are milder than that 
of conventional ATRP, often operating at ambient temperatures, and in polar 
solvents such as dimethylsulfoxide (DMSO), water, or ethanol.
95-97
 SET-LRP has 
even been carried out with significant amounts of oxygen within the system by the 
use of hydrazine as an additive.
98
  The polymerisation of methyl acrylate in DMSO 
was conducted without any of the usual oxygen purging techniques (freeze-pump-
thaw and nitrogen degassing) but with hydrazine added to reduce Cu2O generated by 
air back to Cu(0).  PMA produced displayed dispersities below 1.2 with good 
correlations between experimental and theoretical molecular weights. 
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Zero valence copper for SET-LRP can be introduced to the system in multiple ways.  
Reactions have proven to be successful using copper wire, copper powder, or by 
creating Cu(0) in situ through disproportionation.  The addition of CuBr to tris[2-
(dimethylamino)ethyl]amine (Me6TREN) in water produced a reddish brown powder 
that was seen to precipitate out of solution, and the colour of the liquid changed to 
blue, indicative of CuBr2.
99
 
Whilst both SARA-ATRP and SET-LRP appear similar in terms of the components 
within the reaction, there is a significant difference in the mechanisms at play.  
Current consensus states that during SET-LRP an outer sphere electron transfer 
(OSET) occurs, whereas in SARA-ATRP an inner sphere electron transfer (ISET) is 
occurring.  This means that during ATRP the alkyl halide and the metal catalyst 
form a transition state prior to the formation of the radical, whereas in SET-LRP 
there is no transition state formed, and the alkyl radical is produced before electron 
transfer can occur.
100
  A representation of the different mechanisms is given in 
Scheme 1.15. 
Scheme 1.14: Proposed mechanism for SET-LRP reproduced from the literature.
89
 
Cu(I) species undergo rapid disproportionation to produce Cu(0) and Cu(II).  Cu(0) 
activates the alkyle halide moiety, producing radicals for propagation.  Cu(II) acts to 
mediate the propagating radicals as in conventional ATRP. 
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The result of the difference between OSET and ISET processes is a fundamental 
difference in the SET-LRP and SARA-ATRP reaction processes.  SARA-ATRP 
relies on Cu(I) activating the alkyl halide, whilst there is little to no 
disproportionation observed.  SET-LRP on the other hand requires 
disproportionation to be occurring as it is Cu(0) that is activating the halide. 
Whilst the ultrafast synthesis of controlled polymers that SET-LRP can produce 
make it desirable as a polymerisation method, in order achieve optimal results the 
reaction conditions need to be optimised.  Further to this, there is very little work 
within the literature that describes SET-LRP being used with methacrylates.  When 
methacrylates, or long chain acrylates, have been polymerised with SET-LRP they 






1.2.6 Metal free atom transfer radical polymerisation 
 
In 2012 Hawker and Fors published a paper titled “Control of a Living Radical 
Polymerization of Methacrylates by Light”.103  Previously reactions have been 
developed where initiation is triggered by a light source, but subsequent growth  
Scheme 1.15: Three possible mechanisms for the electron transfer between catalysts 





Scheme 1.16: The proposed mechanism for metal free photo-induced ATRP and the 
structure of 10-Phenylphenothiazine (PTH)
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steps could not be controlled by the same photo stimulus.
104-108
  This was followed 
up in 2014 by a report of controlled radical polymerisation of acrylates by visible 
light, showing that the technique has potential across different monomer families.
109
 
The result of this work was a technique that was developed for the metal free ATRP 




The key component in the reaction is 10-phenylphenothiazine (PTH), which was 
synthesised from commercially available reagents.  PTH’s role within the reaction is 
analogous to CuBr/ligand in a conventional ATRP, except that without a source of 
light PTH remains inert.  When the reaction is exposed to light, a radical is produced 
and ATRP carries on as normal. 
Polymers produced by this method showed relatively narrow dispersities, and 
experimental molecular weights were in close agreement with theoretical values.  In 
addition to this, the standard kinetic plots of conversion against molecular weight, 
and time against ln([M]0/[M]) displayed a linear relationship, suggesting the 
livingness of the reaction. 
Although the paper does not detail if any effort was required to remove PTH from 
synthesised polymers, the reaction conditions state that catalyst concentration is only 
10ppm.  This value is significantly less that is found in conventional ATRP, and is 
similar to the values used in low catalyst concentration metal mediated 





1.3 Analytical methods used within this 
body of work 
1.3.1 Size exclusion chromatography (SEC) 
 
The most common method used for the analysis of polymers is through size 
exclusion chromatography (SEC), which can also be known as gel permeation 
chromatography (GPC).  SEC is a chromatographic method that separates analysed 
polymers by their macromolecular size. 
A SEC machine is typically composed of a series of columns packed with a 
stationary phase that is made up of particles with a known pore size, that are 
maintained within a thermally stable environment (oven), that lead to a detection 
system.  For a sample to be analysed it must first be dissolved into a suitable solvent 
and then injected into the continuous phase (often THF) which runs all the way 
through the system.  Higher molecular weight polymer chains pass through the 
columns more quickly than lower molecular weight chains, which are delayed in the 
column by their ability to pass through the pores of the stationary phase.  As the 
sample is eluted from the column system it is analysed by a detector (usually 
refractive index or ultra-violet) which gives an intensity value dependent on the 
amount of material eluted. 
The SEC system must be calibrated against known molecular weight standards, and 
for measurements to be accurate the standards used should be a similar polymer to 
the samples being analysed.  The reason for this is that the hydrodynamic volume of 
materials in solution is dependent on the specific material.
110
  Whilst a range of 
highly accurate standards are available commercially, they tend to be for common 
polymers such as polystyrene and poly methyl methacrylate. The analysis of highly 
functional polymers must often be carried out against an analogous standard due to 
the unavailability of standards with their exact molecular structure. 
Branched and hyperbranched polymers are often measured by triple-detection SEC. 
SEC triple-detection utilises a concentration detector (again normally refractive 
index or ultra-violet), alongside a light scattering detector, and a viscometer.  In this 
setup the viscometer is calibrated against a universal standard, derived from known 
values that are independent to any unknown properties of polymers to be analysed, 
and the light scattering result provides an absolute value for molecular weight.  
40 
 
Whilst high molecular weight branched polymers can show a large deviation in SEC 
results calibrated from linear standards, low molecular weight branched polymers 
tend to be similar to linear standards using conventional single channel SEC.
111 
  
SEC was used within this work to monitor the molecular weight parameters and 
dispersities of all polymers that were synthesised. 
 
1.3.2 Nuclear magnetic resonance (NMR) spectroscopy 
 
Nuclear magnetic resonance (NMR) spectroscopy is a highly versatile technique that 
enables the determination of the molecular structure of a sample.  NMR relies on the 
measurement of the magnetic moment of nuclei located within a molecule.  When 
the nuclei of a sample molecule are placed within an external magnetic field, they 
are forced into either aligning with (lower energy) or against (higher energy) the 
external field. If a radio frequency pulse is then applied across the sample the nuclei 
in the lower energy state absorb energy and jump up to the high energy state.  This 
absorption of energy, or the resultant relaxation, can be observed and is used to 
generate a spectrum.
112
  NMR can be performed on any nuclei that have a nuclear 
spin (I) of 1/2.  In general it is commonly used to elucidate the local environments of 




C NMR) and advanced 





C NMR, can be performed to provide correlations between 
directly connected carbon and hydrogen atoms. 
In order to avoid unwanted nuclei signals in an NMR spectrum the solvent used is 
generally a deuterated form.  Whilst a fully deuterated solvent would not produce 
any signals on 
1
H NMR, the deuteration process never proceeds to 100%.  This 
means there is often a residual solvent signal produced at a known chemical shift 
which can be used as a reference point for samples being analysed.
112
 
When polymers are analysed by 
1
HNMR the spectra that are produced often show 
broad peaks.  This is due to the numerous, but not quite identical, proton 
environments present in polymer chains.  The total area under the peak can still be 
correlated to the number of protons in the polymer specific to that signal, and when 
this is compared to the same signal from any monomer in the sample, a value of 
conversion from monomer to polymer can be calculated. 
41 
 
NMR was used within this work to elucidate the structure of novel initiators and 
macroinitiators, monitor the purity of synthesise, and calculate the conversion of 
monomer to polymer in polymerisations. 
 
1.3.4 UV-visible and fluorescence spectroscopy 
 
UV-visible (UV-vis) and fluorescence spectroscopy use the absorption and emission 
of light respectively to generate spectra. 
In UV-vis the excitation of electrons by the absorption of light is measured.  As a 
sample absorbs light electrons are elevated from the ground state to an excited one. 
Any molecule containing π-electrons can absorb UV light, so UV active molecules 
are often aromatic.  The specific transitions that can occur are defined by the Beer-
Lambert law, which is related to the concentration of absorbing groups in the 
sample.  As the wavelength of light applied to the sample is varied, the recorded 
absorption also varies. Samples prepared for UV-vis must be of low concentration, 




Fluorescence spectroscopy measures the amount of energy released as electrons fall 
back to a low energy state after absorbing UV radiation.  As electrons in the sample 
are subjected to UV light they gain energy, becoming excited, and are promoted to a 
higher state.  Initially the excited fluorophore loses some energy through vibrational 
interaction and heat, but eventually falls back from the excited state to the ground 
state through the emission of a photon.  This photon has slightly less energy than 
when it was promoted up from the ground state, and as such has a longer 
wavelength.  The difference in nanometres between excitation energy and emissions 




UV-visible spectroscopy was used to monitor the reaction kinetics of amide and 
ester polymerisations, whilst fluorescence spectroscopy was used with the DNA 






Figure 1.9 : Jablonski diagram showing how fluorescence occurs when a fluorophore is 
exposed to light. 
 
1.3.3 Dynamic light scattering (DLS) 
 
Dynamic light scattering (DLS) is a method used to measure the particle sizes of a 
material in solution due to the amount of light that they scatters.  When a particle is 
in solution it will undergo Brownian motion, creating a random movement that is a 
result of the particle interacting with the solvent or other particles.  This movement 
is tracked by a rapid series of scans by a laser, and by using the Stokes-Einstein 
equation the particle size can be calculated.
115
 
During a measurement light emitted from the laser is shone into the sample solution 
and scattered onto a detector producing a speckle pattern of light and dark areas.  
Multiple patterns are collected and compared, and as particles move as a result of 
Brownian motion, the patterns change.  The detector records these changes and this 
data is eventually used to calculate the particles sizes within the sample. 
DLS measurements can produce data in three main size distributions: number, 
volume and intensity.  A number average distribution takes into account the number 
of particles at a given size within a solution.  For example, if a solution contained  
particles measuring 5 nm and 50 nm in equal amounts, two size distribution peaks 
would appear of equal area at their appropriate position on the x-axis.  A volume 
43 
 
average distribution however will favour the larger particles as the total volume of 
the 50 nm particles is 1000 times larger than the 5 nm particles.  An intensity 
average distribution would favour the 50 nm particles even more due to the increased 
scattering observed for large particles compared to small.
115
 
DLS was used to measure particle sizes for polymers in solution, measure the size of 





The need for highly functional materials that can be produced cost effectively and 
without stringent reaction conditions has driven polymer science to great lengths, 
providing an array of possible techniques that can be used to fulfil these needs.  This 
has enabled a whole range of monomers to be polymerised and specific materials to 
be designed to fit a previously assigned purpose. 
Whilst early polymerisation techniques lacked finesse in producing controlled 
polymers, as the science advanced polymers with defined molecular weight, low 
dispersity, complex topology and multiple functionalities became increasingly 
possible to make.  This was achieved by the realisation that the RDRP process is 
primarily controlled by the equilibrium that is present in a reaction between active 
propagating polymer chains, and dormant polymer chains. 
ATRP is a technique that manages to control the rate of propagation through careful 
control of catalyst, initiator, solvent and monomer.  The process works by the 
reversible halide transfer between a propagating polymer chain and a transition metal 
catalyst bound to a ligand in solution. It can also be used on a large array of 
monomers due to its mechanism that uses the vinyl bond for propagation.   
Whilst several advances have been made from conventional ATRP (ARGET, SARA, 
metal free), the facile and robust nature of the system still makes it desirable for 
multiple syntheses.  In addition to this, the kinetics of ATRP have been thoroughly 
investigated, meaning that within the literature there is a large amount of data on the 
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Chapter 2: Applications of functional 
materials 
2.1 Applications for materials created by 
ATRP 
 
With the flexibility of the ATRP system being well established, it is obvious that the 
ability to specify initiator and monomer has the potential to create highly 
customisable materials tailored for specific applications.
1
   
One of the largest areas of interest is in bio-medical applications where there is an 
ongoing effort to create systems with higher bio-compatibility, bio-stability, and 
increased efficacy.
1-4
  Possible applications are numerous and can range from; drug 
delivery systems that are able to deliver payloads of drugs to the active site where 
medicine is needed,
2, 5-7
 the stabilisation of medical imaging contrast agents,
8-11
 
scaffolds for the growth of cell cultures or tissues
12-15




Biomedical engineering such as this has often been concerned with increasing the 
biocompatibility of materials in order to reduce any adverse effect that may be 
triggered in the host.  However, through careful selection of initiator and monomer 
“smart” materials can be created that respond to one or more biological stimuli such 
as temperature, pH, and enzyme over-expression.
18-20
  Often these characteristics can 
be activated by an external source, enabling the stimuli to be triggered at a desired 
time or location in vivo.
4
  
This chapter will provide a brief overview of the current state of stimuli responsive 
polymers for drug delivery, focusing on thermoresponsive materials, and then 
discuss stabilisation of magnetic nanoparticles by polymers for magnetic resonance 




2.1.1 Principles of biomedical polymers 
 
In order for a polymer to be viable in vivo it needs to be resistant to the host’s 
enzymatic attack, stable in the pH range it is required to operate, stable at body 
temperature, and non-toxic.
19, 20
  If these goals are achieved the material that is 
produced can be said to be bio-compatible. 
Within nature precedent for this already exists, with proteins being perfect polymeric 
structures.  They are composed of defined sequences of amino acids that are 
selectively arranged with ideal molecular weights, molecular weight distributions, 
functionality and chemical composition.  Ideally any bioengineered material would 
have as many properties in common to a polypeptide as possible, in order to mimic 
its biocompatibility. 
The two main causes for a polymeric material to degrade in vivo are hydrolysis and 
enzymatic action on the chain structure.
21
  Both processes cause polymer chains to 
be cleaved into shorter units that are generally excreted from the body via the renal 
system. Hydrolysis occurs on both ester and amide moieties in acidic and basic 
conditions, found freely inside a body.  Enzymatic action can vary wildly depending 
on the location in vivo that the material is active and the functional groups making up 
the polymer structure.
22
  Esters  are cleaved by the presence of esterase, and amines 
by protease, to produced chains that are much shorter than the original.
23
  This is 
detrimental to many functional polymers, as the physical properties of a polymer can 




A common method that is used to reduce the rate of degradation of materials in vivo 
is by “pegylation”, the process of attaching polyethylene glycol (PEG) chains to 
candidate molecules.
25, 26
  PEG shows little toxicity to biological systems and can be 
cleared from the body through the renal system (for PEGs < 30 kDa) or in faeces (for 
PEGs > 20 kDA) so as not to accumulate permanently in vivo.
27
  A variant method 
of protecting labile molecules is by using drug delivery vehicles such as liposomes, 
spherical vesicles composed of at least one lipid bilayer.
28-30
  Therapeutics can be 





Figure 2.1 : A schematic diagram produced by Al-Jamal et al showing three different 
approaches to engineering a liposome for biomedical applications showing embedding (blue, 




the surface (conjugation or adsorption), as is displayed in Figure 2.1.  Whilst early 
liposomal systems suffered from issues with loaded drug molecules leaking from the 
vesicle structure, advances within the field of material preparation have reduced this 
effect, making liposomes the most clinically established nanometre-scale system 
used to deliver cytotoxic drugs, genes, vaccines and imaging agents.
31, 32
 
Non-liposomal drug delivery systems can be created by using water soluble 
polymers that are composed of monomer units that are responsive to external 
stimuli.
4
  The most widely researched polymers in this field possess 
thermoresponsive or pH-responsive activities, which cause a change in the 








2.2 pH-responsive polymers 
 
Within a biological system there is significant variation in the pH values 
encountered.  Whilst the stomach is well known to have a low pH (1.5-3.5), the 
small intestine is around pH 6 and the colon tends to have a pH neutral 
environment.
37
  The pH values found in tumours are also known to be of a lower 
value than those of in blood.
38
  This variation in pH environment means that a well-
designed pH-responsive polymer drug delivery system can potentially be synthesised 
to inhibit payload release in systemic circulation (pH 7.4) and release when an acidic 
environment is encountered (such as in tumours).
39
 
pH responsive polymers are often in the form of hydrogels, crosslinked polymers 
that possess hydrophilic groups and can absorb large amounts of water without 
losing their three dimensional structure.
40
  When in an aqueous solution hydrogels 
often mimic biological tissues due to their high water content and soft consistency.
36, 
41
  Drugs are loaded into the hydrogel through a series of swelling and de-swelling  
 
 
Figure 2.2 : A schematic representation of the steps involved with the preparation of a 





(drying) reactions as is displayed in Figure 2.2, with the drug loaded hydrogel being 
in a collapsed state before its released in vivo. Typical pH-responsive drug delivery 
hydrogels release their payloads through a swelling-controlled mechanism involving 
the simultaneous absorption of water and desorption of the drug when the stimulus is 
encountered.
42
   
pH-sensitive polymers that have been used for drug delivery possess pendant acidic 
or basic groups that either accept or release protons in response to the pH of the 
environment they are in.
36
  Depending on the monomer used, the pH-sensitivity of 
the polymer is controlled, providing the ability to release therapeutics at a range of 
pH values. 
For example, the homo- and copolymerisation of 2-(dimethylamino)methyl 
methacrylate (DMAEMA) has been shown to be possible via ATRP,
43
 whilst other 
research has shown that at low pH DMAEMA copolymers are highly soluble, but 
form micelles at high pH (>8).
44
 Poly(methacrylic acid) based copolymers offer a 
reversed stimulus, being more soluble at high pH and less soluble at low pH (<6).
45
  
These effects are as a result of the ionisation of amino or acid groups present within 
the polymeric structures, as is displayed in Figure 2.3.
36
 
Whilst pH-sensitive materials have been shown to be useful drug-delivery systems, 
the stimuli response is generally only controlled by the environment in vivo, not 
externally.
35, 39
  Thermo-responsive drug delivery systems can be activated by the 











2.3 Thermoresponsive polymers 
 
A key advantage of a thermoresponsive polymer system is that the stimulus response 
(temperature) can easily be externally applied.
34
 The main biomedical applications 
for thermoresponsive polymers are drug delivery, gene delivery and tissue 
engineering.
9, 12, 49-51
 Polymers that are sensitive to thermal stimulus can either 
possess an upper critical solution temperature (UCST), or a lower critical solution 
temperature (LCST). 
A polymer that possesses an LCST will be completely miscible below its critical 
temperature, and becomes immiscible above it.  UCST polymers on the other hand 
are immiscible below their critical temperature, and become fully miscible above 
it.
34
  This is displayed in Figure 2.4.  UCST is a process driven by the enthalpy of the 
system, whilst LCST is an entirely entropic effect.
52
 When a material with a LCST is 
brought above its critical temperature the formerly homogenous solution appears to 
become cloudy, as such the LCST is often referred to as the cloud point of a polymer 
(TCP).  However, LCST and TCP are not necessarily the same thing, as due to the 
particles sizes that a polymer forms in when it becomes immiscible, clouding may 
not immediately (or ever) become apparent. LCST refers to the specific temperature 
where immiscibility occurs; whilst TCP is the temperature this effect is apparent. Due 




Figure 2.4 : Schematic illustration of phase diagrams for LCST polymers (left (a)) and 




of the Gibbs free energy equation: 
 
mixmixmix STHG   
Equation 2.1 
 
where: Gmix is the Gibbs free energy, Hmix is the enthalpy, Smix is the entropy and T 
is the temperature. 
The main factor in the mixing of solutions in these circumstances relates to the 
entropy of the solvent (mainly hydrogen bonding in water).  Below the LCST the 
polymer is mixed into solution with the water, creating a more ordered system and 
lowering the overall entropy.  Above the LCST the polymer and solvent are in 
separate phases, creating a more disordered system and increasing entropy.  
Polymers that possess LCST are generally only able to mix into solution as a result 
of hydrogen bonding between the solvent and the polymer chains.  As the 
temperature is raised this effect can no longer mitigate the relative hydrophobicity of 
the polymer chain and the polymer moves into a separate phase. 
Thermoresponsive polymers investigated for biomedical applications generally make 
use of LCST, as triggering immiscibility by raising temperature is facile to 
accomplish and allows micelles formed by combining hydrophilic and hydrophobic 
homopolymers to be collapsed, forcing encapsulated therapeutics to be released.
53, 54
  
Materials with a UCST are also of possible importance, as they can be used as drug 
delivery vehicles by preparing them in a similar method to that proposed in Figure 
2.2, where above the UCST swelling will occur as the polymer becomes miscible 
and the absorption of water triggers the desorption of the payload.
55
 
The most widely studied polymers that present an LCST are ones where the 
transition temperature is similar to that of a biological system (≈37 ºC), chiefly this 
has been poly(N-isopropylacrylamide) (PNIPAAm) which has an LCST around 32 
ºC.
46, 49, 56-60
  This value has been shown to be controllable by the copolymerisation 
of PNIPAAm with either more hydrophobic or hydrophilic monomers.
61-65
  Other 
polymers that have been investigated include poly(N-vinylcaprolactam) (LCST 25 – 
35 ºC),
66, 67




Figure 2.5 : Structures of commonly investigated polymers that possess an LCST. poly(N-
isopropylacrylamide) (black, top left), poly(N-vinylcaprolactam) (red, top right), poly(2-
(dimethylamino)ethyl methacrylate (green, bottom left), poly(oligo ethylene glycol)methyl 
ether (blue, bottom right). 
 
 
ºC), which is also pH sensitive,
68-70
 and poly(ethylene glycol) (PEG or PEO) (LCST 
≈ 85 ºC).71, 72  The LCST of PEG can be lowered through the placement of ethylene 
oxide units as a pendant chain, displayed as “POEGMA” in Figure 2.5. The value of 
y, the length of the pendant chain, affects the LCST of the polymer with 2 units 
giving an LCST of  ≈ 26 ºC and 4-5 units giving an LCST of ≈ 64 ºC.73  The LCST 
can be fine-tuned even further through copolymerisation between OEGMAs with 
differing ethylene oxide chain lengths. Lutz et al demonstrated that an LCST of 37 
ºC was attainable by the polymerisation of OEGMA and 2-(2’-methoxyethoxy)ethyl 
methacrylate in an 8:92 ratio of monomers respectively.
74
  The value of LCST is also 
affected by the total molecular weight of a polymer, the architecture of the polymer 







2.4 Polymer stabilisation of magnetic 
nanoparticles 
 
Magnetic nanoparticles are used in numerous biomedical applications including as 
MRI contrast agents,
10, 79
 cell labelling and tracking,
80, 81
 and targeted drug delivery 
systems.
82, 83
 Polymer coatings are applied to magnetic nanoparticles in order to 
improve their biocompatibility and stabilise the particle in solution. 
Magnetic nanoparticles  can be synthesised using various types of magnetic 
materials such as magnetite (Fe3O4), maghemite (Fe2O3) or cobalt ferrite 
(CoFe2O4).
84
 The rest of this chapter will discuss magnetite nanoparticle systems as 







 ions occupy half of the octahedral sites within the lattice structure 
and (Fe
3+
)2 fill the remainder of the octahedral sites and all of the tetrahedral sites.
85
  
If the grain size of a magnetite particle is less than around 15 nm, then the particle 
may possess a single magnetic domain which causes superparamagnetic behaviour.
86
  
This is important as if a superparamagnetic particle is exposed to an external 
magnetic field the entire magnetic moment of the particle aligns parallel to the field, 
and when the field is removed the alignment is full lost, resulting in no remanence or 
coercivity.  This is important in biomedical applications because it ensures that 
outside of an external field there are no ferromagnetic attractions between particles 




2.4.1 Synthesis of magnetite nanoparticles 
 
Co-precipitation methods are frequently used in the synthesis of magnetite 
nanoparticles as they have been shown to be both experimentally simple to perform 
and consistently produce low grain size nanoparticles.
88
  In a co-precipitation, 
particle formation occurs as a result of the addition of a concentrated base to a 




𝐹𝑒2+ + (𝐹𝑒3+)2 + 8𝑂𝐻




The reaction typically takes place under an inert atmosphere to reduce the likelihood 
of the formation of maghemite, which is also a superparamagnetic iron oxide, but 
has a lower magnetic saturation value. 
 
2.4.2 Stabilisation of magnetite nanoparticles 
 
Bare magnetite nanoparticles are often stabilised by surfactants or polymers to 
prevent their sedimentation and/or agglomeration in a solution.
90
  In addition to this, 
bare iron oxides  are prone to oxidation and degradation in vivo which can cause 
damage to DNA causing mutations.
91, 92
 
Common stabilisers for magnetite nanoparticles include silica, various polymers and 
organic surfactants.
93-96
  When polymers are used as stabilising agents for magnetic 
nanoparticles the polymer that is used is often chosen due to its physical properties, 










all been successfully used in previously reported works. 
Thünemaan et al demonstrated that poly(ethyleneimine) (PEI) can absorb onto 
maghemite nanoparticles to act as a primary layer in a stabilisation system along 
with a poly(ethylene oxide)-co-poly(glutamic acid) secondary layer.  PEI can absorb 
on the nanoparticle surface due to the electrostatic  interaction between the numerous 
ammonium groups within the PEI structure and the oppositely charged surface ions 
on the maghemite.
100
  Stabilised nanoparticles were prepared in a “layer by layer” 
approach, with bare particles prepared first, then coated by PEI, and then finally 
coated by the separately synthesised copolymer.  Once the final polymer layer is in 
place, the primary PEI layer is effectively “glued” in place due to the steric 
stabilisation provided by the secondary layer.  When placed into a physiologically 
mimetic medium (0.15 M sodium chloride solution) no change in particle size 
distribution was measured during the 30 day duration of the experiment. 
PEO has also shown promise in the stabilisation of magnetite nanoparticles.
101-103
 
Riffle et al demonstrated the synthesis of PEO stabilised nanoparticles that remained 
dispersed in physiological conditions and possessed high magnetic saturation 
values.
102




Figure 2.6 : Sketch of polymer coated maghemite nanoparticles and the associated polymer 
chemical structures prepared by Thünemaan et al.99 
 
PEO polymer chains were immobilised onto magnetite particles through the 
electrostatic interactions of carboxylic acid groups that was were part of a triblock 
copolymer consisting of PEO tail blocks and a polyurethane based central segment.  
Nanocomposites produced by this method remained stable at pH values of 7 and 
lower, and also remained in solution for approximately one week at pH 8.  Magnetic 
saturation values of stabilised particles were lower than of bulk magnetite, but 
remained in line with values reported of other stabilised magnetite indicating that 
PEO is not inherently detrimental as a stabiliser. 
 
2.4.3 Nanoparticle contrast agents 
 
Perhaps the most well-known use of magnetic nanoparticles is as contrast agents for 
magnetic resonance imaging (MRI).  MRI is a technique that shares its base 
principles with NMR, which was briefly discussed in the previous chapter.  
Medically, it is used as a non-invasive imaging technique that utilises the same 




Within the body there is a large number of proton as a result of the high water and 
lipid content of living organisms.  When these protons are placed into a magnetic 
field there is an alignment of their magnetic moments either with the field (parallel) 
or against it (anti-parallel).  There will always be a difference in the number of 
protons that align one way or the other due to the slightly higher energy requirement 
of the anti-parallel alignment.  If a radio frequency (RF) pulse is then applied across 
the protons, they will become excited and de-align with the previously applied 
magnetic field.  As the RF pulse only occurs briefly, the protons will eventually 
(detectibly) relax back into alignment with the external field, and after multiple 
measurements these relaxations can be used to create an image that is composed of 
proton densities.  Relaxations occur either longitudinally (T1), when energy from the 
excited nuclei is lost to the surroundings, or transversely (T2), when the energy loss 
occurs as a results of interaction with other nuclei. 
MR images can be improved through the usage of a contrast agent, a magnetic 
material that shortens the relaxation time of protons within the magnetic field, 
improving the resolution of the image.  The key considerations for contrast agents 
are their solubility in water, and magnetic saturation.  The solubility and stability of 
the particles is critical because it directly affects the contrast agent’s interaction with 
the proton rich aqueous environment in vivo.  Further to this, it is desirable that the 
particles remain stable for as long as possible in vitro, as it allows for a greater 
period of time between when the particles are prepared, and when they have to be 
used.  A high magnetic saturation means that the particle generates a stronger 
magnetic field during the course of the experiment. 
Various iron oxide contrast agents are already available commercially, and are 
stabilised by a range of polymers.  Feridex is stabilised by dextran, Resovist by a 
carboxydextran, Lumirem by a siloxane, and Clariscan by a PEG composite.
104
  The 
stabiliser that is chosen for the particles can dramatically affect their magnetic 
properties, with different coatings changing relaxivity values for T1 or T2 







2.4.4 Magnetically targeted drug delivery 
 
Whilst chemotherapy is already a highly effect treatment for numerous forms of 
cancer, it is a non-site-specific treatment, often highly detrimental to the patient.
105
 
Due to the inherently cytotoxic nature of the agents used in chemotherapy, when 
healthy cells come into contact with chemotherapeutics they are also destroyed.  A 
solution to this would be a method of targeting these drugs specifically to the 
location of cancer cells.  Magnetic nanocomposites have the potential to accomplish 
this through their stabilising shell which, can be functionalised in numerous ways, 
and their magnetic core, which enables guiding to a site via an external magnetic 
field.
106-109
  The effect of this is to localise the drug to a specific region, lowering the 
detrimental effects on the rest of the system. 
One of the earliest demonstrations of this technique was performed by Lübbe et al, 
who bound the anti-cancer agent “Epirubicin” to an iron oxide nanoparticles being 
stabilised by starch based polymers.
83
  This drug-polymer-nanoparticle composite 
was held in proximity to the site of a tumour by an external magnetic field and after 
one to two weeks the appearance of the tumour had been reduced, which led to a 
complete loss of the growth. 
An example that is more relevant to the work presented in this thesis was carried out 
by Ghosh et al, who used free radical polymerisation to produce magnetic 
nanospheres stabilised by a POEGMA-co-POEGMA surface network.
110
  This 
system maintained the thermoresponsive nature of the POEGMA, which could be 
activated the application of an alternating magnetic field, heating up the nanoparticle 
cores.  The nanospheres could also be readily taken up during cell activity studies, 
and showed minimal negative effects on cellular systems.  This system shows great 
potential as a drug delivery vehicle and highlights the desirability of a 




The potential medical applications of polymers and polymer-nanoparticle hybrids are 
enormous, with only a handful having been touched in this chapter.   
65 
 
By careful selection of monomer, polymers can be prepared which are able to react 
to external stimuli such as pH and temperature.  The form of this response is 
normally a swelling or de-swelling of the polymer chains in response to their local 
environment, which when coupled with a carried molecular payload allows a 
triggered release when the stimulus is applied.  This principle has been shown to be 
effective in biological systems where the complex architectures composed of 
copolymers or polymer-nanoparticle hybrids have been utilised to deliver drug 
payloads with less detrimental effects than would be observed if the drug was 
applied conventionally. 
Magnetic nanoparticles play a crucial role in MR imaging, acting as contrast agents 
that improve the overall quality of images.  These nanoparticles need to be stabilised 
in order to remain in solution for longer periods of time, and prevent their 
degradation from biological action.  Stabilisation is often provided by polymers, 
with polyelectrolytes being of particular interest due to the electrostatic interactions 
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Chapter 3: Amide and ester initiated ATRP 
3.1 Introduction  
 
Atom transfer radical polymerisation (ATRP) has been shown to be a fantastic tool 
for the creation of well-defined, complex, polymer architectures from a wide array of 
monomer feedstocks and a large range of initiating moieties.
1-6
  However, certain 
functional initiators have been shown to inhibit its efficacy, especially in the case of 
initiators containing amide bonds.
7-13 
Whilst searching through the literature reveals 
many possible reasons behind this apparent problem, there are often cases where 




The use of an amide bond within an initiator would be favourable for polymers 
whose application is in a biological environment due to the high bond strength when 
compared to the more ubiquitously used ester bond, and mimicry of peptide bonds 
found within living organisms.  The successful use of amide bonds within a material 
also opens up additional synthetic routes that can be used either prior or post 
polymerisation that can increase functionalization beyond that which may be 
available to other initiating moieties. 
This chapter outlines the synthesis of poly(oligo ethylene glycol) methyl ether 
methacrylate (POEGMA) materials by ATRP, using both a common ester containing 
initiator (ethyl 2-bromoisobutyrate) and an analogous amide initiator (2-bromo-2-
methyl-N-propylpropanimde) and their subsequent characterisation by nuclear 
magnetic resonance spectroscopy (NMR) and size exclusion chromatography (SEC).  
Further to this the kinetics involved in the reaction were monitored using UV-visible 
spectroscopy in order to ascertain the difference in results, and the two initiators 
were compared using DFT modelling techniques.  The reason for experimental 
differences between amide and ester initiators has never fully been discovered, and 
as such this investigation was launched to find the lack of efficacy of an amide bond.  
Finally, two different techniques (ARGET-ATRP and SET-LRP) were tested for the 
preparation of POEGMA to ascertain if they provided any benefit over conventional 
ATRP when using an amide initiator. 
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3.1.1 Poly(oligo ethylene glycol) methyl ether methacrylate 
(POEGMA) 
Poly(oligo ethylene glycol) methyl ether methacrylate is part of a family of polymers 
composed from a backbone of methyl methacrylate, each with differing numbers of 
ethylene glycol units found after the ester bond, as denoted by m in Figure 3.1 above. 
The applications of POEGMA have expanded greatly in the last few years, with 
copolymers of the material finding uses in a wide array of roles within 
bioengineering.
19
  Two key reasons for this are that it both increases the protein 
resistance of materials it is applied to and that it also possesses a lower critical 
solution temperature (LCST). 
20, 21
 
The core of the “comb-like” POEGMA structure is a methyl methacrylate (MMA) 
backbone.  Synthetically this is invaluable as MMA based polymerisations have 
been studied for decades using a wide range of different polymerisation 
mechanisms.
22-24
  Specifically for ATRP, MMA was one of the first monomers 
investigated by both the Matyjaszewski and Sawamoto groups in the 1990s.
25, 26
  
Further to this, PMMA has been used extensively within the dental and medical 
industries due to its biocompatibility and low toxicity.
27
 
By attaching polyethylene glycol (PEG) units to the side of this PMMA backbone 
the solubility of the polymer is dramatically improved.  PMMA is insoluble in water, 
and even at low molecular weights will only form an emulsion.  PEG on the other 
hand will readily dissolve in water with a solubility of around 630 mg/ml at 20 
o
C 
for polymers with a molecular weight averaging 8000.
28
  The addition of this 
Figure 3.1 : A single OEGMA unit as part of a polymer chain.  Differing molecular weights 
of OEGMA can be formed by varying the number of ethylene glycol units in the side chain, 
and the monomer is commercially available with a many different length chains.  Typical 
values for m range from 4 to 32, providing a molecular weight range from 300 to 4000. 
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pendant PEG chain to the MMA backbone creates a water soluble polymer with both 
hydrophobic and hydrophilic sections. 
LCST is a reversible phenomenon that results in a polymer precipitating out of 
aqueous solution above a critical temperature, contrary to general practice where 





  Work with poly(N-isopropylacrylamide) (PNIPAAm) has shown 
that the LCST of thermoresponsive polymers can be adjusted by increasing or 
decreasing the hydrophillicity of the polymer.
33-36
  For POEGMA this can easily be 
carried out by changing the length of PEG chain attached to the PMMA backbone, 
or copolymerisation with another desired copolymer.
20
 
The solubility of a system is controlled by the Gibbs energy of mixing (Gmix) and 
can be expressed as shown in Equation 3.1. 
 
 
mixmixmix STHG     
Equation 3.1 
 
In order for spontaneous mixing to occur the Gmix must decrease, otherwise the 
components present will remain immiscible.  Hydrogen bonding between water 
molecules and the hydrophilic components of the polymer can cause mixing to occur 
even though Gmix is positive, despite it being entropically unfavourable overall.  
Once above the LCST the material behaves as would be expected, as the additional 
energy within the system overcomes the relatively weak attraction from the 
hydrogen bonding (Figure 3.2).  Various physical properties of the materials can 
affect the LCST, these include: the Ð, Mn, degree of branching and ratio of 
monomers present in copolymers.
37, 38
  
Previous work by Lutz et al. has shown that copolymers of POEGMA and 2-(2-
methoxyethoxy)ethyl methacrylate can exhibit LCSTs around 35 
o
C, and can be 
tuned to specific temperatures by adjusting the ratio of constituents.
20
  This is 
interesting as this puts materials made of these polymers in the range of being 
responsive to changes within a living system. 
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Figure 3.3 : Chemical structures of ethyl 2-bromoisobutyrate, in green, and 2-bromo-
2-methyl-N-propylpropanimide, in blue.  The amide structure is analogous to the ester, 
with the only difference being an additional CH2 group following the amide bond. 
 
The protein resistance of this material stems from the ethylene glycol structure and 
means antibodies in vivo cannot target materials coated with this polymer.  This 
effect has been known about for decades and has been used successfully to 
“PEGylate” various therapeutics to increases both the bio-compatibility and bio-
availability of drug release systems.
39
  PEGylation is the process of attaching strands 
of polyethylene glycol to drugs in order to reduce renal clearance (the kidney’s 
action of clearing waste from blood plasma) by reducing immunogenicity (the ability 




3.1.2 Ethyl 2-bromoisobutyrate and 2-bromo-2-methyl-N-
propylpropanimide 
 
Figure 3.2 : For POEGMA in water below the LCST there is hydrogen bonding between 
the solvent and hydrophilic portions of the polymer.  As the temperature increases above 
the LCST the hydrogen bonding that previously held the polymer soluble is no longer 
enough to keep the Gibbs free energy of the system negative.  As polymers will only 
dissolve in a solvent when the Gibbs free energy decreases, the result is POEGMA 
precipitates out due to polymer chains collapsing and agglomerating into hydrophobic 
clusters pushing water molecules out into the bulk solvent. 
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Ethyl 2-bromoisobutyrate (EBriB) is a simple, cheap, initiator that has been used 
successfully for the ATRP of numerous monomers.
43
  The terminal bromine, which 
acts as a leaving group to create a radical and allow polymerisation, is activated by 
the presence of an ester carbonyl adjacent to the α-carbon.44 The effect of this is to 
delocalise the local electron cloud, enhancing the polarisation of the carbon-halide 
bond, and increasing the stability of the resulting radical that is formed.
44
 
Matyjaszewski et al demonstrated using the polymerisation of MMA, that whilst 
EBriB has a comparatively lower reactivity than highly reactive initiators such as 
benzhydryl chloride,  it still creates a fast rate of polymerisation, producing polymers 
with low dispersities and Mn close to theoretically expected (from the ratio of 
initiator to monomer).
44
  However, where the rate of initiation in high reactivity 
initiators is faster than the rate of propagation of the monomer, instead of initiating 
radicals encountering dormant polymer chains, radical-radical recombination occurs, 
triggering irreversible terminations and the failure to initiate further chain growth.  
This in turns leads to a build-up of Cu(II) that slows down the rate of polymerisation 
considerably and produces low monomer conversion over comparably long periods 
of time.  This is displayed in Scheme 3.1, where it is clear that if the rate of initiation 
(kinit) is greater than the rate of polymerisation (kp) an excess of initiator radicals will 
Figure 3.4 : Resonance structures for ester (green) and amide (blue) carbonyls.  The 
delocalisation of the carbonyl electron cloud enables of the activation of halides bound 
to “R”.  It also has the effect of stabilising radical formation on “R” as the halide 
dissociates from the alkyl chain during polymerisation. 
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form, decreasing the chance of initiator and monomer interaction, and increasing the 
chance of termination occurring (kt) 
 
𝑰 − 𝑩𝒓    
𝒌𝒊𝒏𝒊𝒕
→      𝑰 ∙  +  𝑩𝒓 ∙ 
𝑷𝒏 ∙ +  𝑴     
  𝒌𝒑   
→     𝑷𝒏+𝟏 ∙ 
𝑷𝒏 ∙  +  𝑷𝒏 ∙  
  𝒌𝒕𝟏  
→     𝑷𝒏−𝒏   
𝑰 ∙  +  𝑰 ∙  
  𝒌𝒕𝟐   
→     𝑰 − 𝑰  
Scheme 3.1 
 
The problems associated with amide based initators are well known and have been 
widely reported within the literature.  Table 3.1 summarises some of these papers, 
and be can be found at the end of Section 3.1.  The most common problems were 
poor initiator efficiencies that lead to higher than predicted molecular weights and 
slow polymerisations with low conversions.
9-15, 45
 The efficiency of an initiator (Ieff) 
within a polymerisation can be calculated with Equation 3.2, where Mn is the 
observed molecular weight of a polymer, and Mn theo is the theoretically calculated 
molecular weight derived from the masses of monomer and initator used, as well as 







Teodorsecu et al initially suggested that the low conversions were not being 
triggered by the loss of active chains, but instead stemmed from a loss of activity in 
the catalytic system.
15
 It was suggested that polymers produced still had end group 
activity, but reactions stopped due to the complete deactivation of the catalyst 
system. 
One possible explanation for this was given by Limer et al, who stated that during 
the initial initiation step a high concentration of radicals was likely to form.
8
  The 
result of this is radical-radical coupling and disproportionation in direct competition 
with the initiation and propagation of the ATRP.  To control this it was suggested 
that lowering the temperature at the start of the reaction (to 25 
o
C), prior to heating to 
79 
 
reaction temperature (90 
o
C),  would slow the rate of initation and this coupled with 
the usage of CuCl as opposed to CuBr would enable controlled polymers to be 
produced.  This was used to synthesis polymers with molecular weights in good 
agreement of theoretical values and dispersites around 1.20. 
Contrary to this however was the work of Adams et al, who found that the 
previously suggested method failed to produce controlled polymers when using 
oligopeptide-based initiators.
10
  Using an initiator that was analagous to one reported 
by Limer et al, they found significant initiator remaining at the end of a reaction, and 
suggested that this may result from significant termination reactions in the early 
stages of the reaction despite attempts at thermally controlling the initiation step. 
Finally, it has even been suggested that the prescence of amide bonds themselves can 
trigger poor polymerisation performance.  Polymerisation of N,N-
dimethylacrylamide using a range of initiating system all produced monomers with 




Rademacher et al suggested that this may be due to Cu salts complexing to amide 
groups within the polymer chain, resulting in radical stablisation which retards the 
deactivations step in ATRP.
14
  Without the deactivation step the rate of initiation 
becomes faster than propagation, and radical-radical terminations occur.  
In this chapter ethyl 2-bromoisobutyrate (EBriB) will be compared with an 
analogous amide initiator, 2-bromo-2-methyl-N-propylpropanimide (MBrPA), for 
the ATRP of OEGMA in an effort to ascertain the reasons behind the clear 
differences in polymerisation rates and mechanisms at work, and to attempt to clarify 
the observed differences in the molecular weight parameters and physical 
characteristics of materials produced. 
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Table 3.1    
Author/Date Article Title Amide Problem Listed Reason Given for Problem/Possible Solution 
 







based initiating systems 
Living radical polymerization of 
DMAA to give polymers with 
controlled molecular weights and 
[high] Ð > 1.6 
Slow initiation and slow interconversion between the dormant and 
the radical species. 
Rademacher et al.14 
 
(2000) 
Atom transfer radical 
polymerization of N,N-
dimethylacrylamide 
Broad molecular weight 
distributions, poor agreement 
between theoretical and experimental 
Mn, [problems with] incremental 
monomer addition experiments and 
end group analysis.
 
Cu salts complex to the amide group of the chain ends and stabilize 
the radical. This stabilization retards the deactivation step in ATRP 
and produces an unacceptably high concentration of radicals which 
leads to spontaneous termination reactions. 






atom transfer radical  
The polymerization reached limited 
conversion, which could be 
enhanced by increasing the 
catalyst/initiator ratio. 
The limited conversion is not due to the loss of the active chains, but 
rather to the loss of activity of the catalytic system. At this moment, 





Author/Date Article Title Amide Problem Listed Reason Given for Problem/Possible Solution 
    





n-butylacrylate via atom 
transfer radical 
polymerization 
Limited conversion of monomer to 
polymer indicating the occurrence 
of termination reactions or loss of 
the catalyst. 
The limited conversion cannot be explained by a total 
decomposition of the growing centres, since this would provide 
polymers with much higher polydispersity. The lower molecular 
weight tailing in the GPC chromatogram suggests chain-breaking 
reactions 




responsive star diblock 
gelators 
Poor living character was achieved 
using an amide-based trifunctional 
initiator, but the analogous triester 
initiator gave reasonably well-
defined thermo-responsive and pH-
responsive star diblock 
copolymers. 
Amide initiators have been reported to have poor efﬁciency, which 
leads to low monomer conversions and produce polymers with high 
polydispersities. 







Amide-based initiators result in 
polymers which have a higher 
molecular weight than expected. 
With amide initiators the initial initiation step likely occurs rapidly 
leading to a high concentration of free radicals, which results in 
radical-radical coupling/disproportionation in competition with 
initiation/propagation. A low temperature at the start of the reaction 
to 25 °C still allows initiation to proceed, but more slowly. The use 





Author/Date Article Title Amide Problem Listed Reason Given for Problem/Possible Solution 
    




functional initiators for 
ATRP 
Amide-based initiators results in 
polymers which have a higher 
molecular weight than expected 
and a significantly higher 
polydispersity than those prepared 
from ester-based initiators. 
In many cases significant initiator remains [after polymerisation], 
suggesting that either not all peptides successfully initiate 
polymerization or that significant termination reactions occur early 
in the reaction. This low initiator efficiency agrees with other reports 
for amino acid-based initiators. 
Habraken et al.11 
 
(2009) 
Peptide block copolymers 
by N-carboxyanhydride 
ring-opening 
polymerization and atom 
transfer radical 
polymerization: The 
effect of amide 
macroinitiators 
ATRP macroinitiation from the 
polypeptides resulted in higher than 
expected molecular weights 
Analysis of the reaction products and model reactions confirmed 
that this is due to the high frequency of termination reactions by 
disproportionation in the initial phase of the ATRP, which is 
inherent in the amide initiator structure. 
83 
 
3.2 Materials and Apparatus 
3.2.1 Materials 
 
Oligo(ethylene glycol methyl ether) methacrylate (Mn ≈ 360, Sigma-Aldrich), 
triethylamine (≥99%, Sigma-Aldrich), copper (0) wire (1.0mm, 99.9%, Sigma-
Aldrich), ethyl bromoisobutyrate (98%, Sigma-Aldrich) 4,4’-dinonyl-2,2’-bipyridine 
(97%, Sigma-Aldrich), 2,2’-bipyridine (98%, Sigma-Aldrich), copper (I) bromide 
(98%, Sigma-Aldrich), copper (I) chloride (99%, Sigma-Aldrich), copper (II) 
bromide (99%, Sigma-Aldrich), copper (II) chloride (99%, Sigma-Aldrich), 
propylamine (98%, Sigma-Aldrich),   2-bromo-2-methylpropanoyl bromide (98%, 
Sigma-Aldrich), sodium bicarbonate (analytical reagent grade, Fischer Scientific), 
activated charcoal (Sigma-Aldrich),  aluminium oxide (activated, neutral, for column 
chromatography 50-200μm, Acros Organics), magnesium sulphate (97%, anhydrous, 
Acros Organics), methanol (analytical reagent grade, Fisher Scientific), 
N,N,N’,N’,N’’-pentamethyldiethylenetriamine (99%, Sigma-Aldrich), N-
Methyltrimethylacetamide (98%, Sigma-Aldrich), Ethyl trimethylacetate (99% 
Sigma-Aldrich), tin 2-ethylhexanoate (92.5-100%, Sigma-Aldrich), 2-propanol 
(HPLC grade, Fisher Scientific),  toluene (laboratory grade, Fisher Scientific), 
diethyl ether (laboratory grade, Fisher Scientific), tetrahydrofuran (HPLC grade, 
Fisher Scientific), ethanol (analytical reagent grade, Fisher Scientific),  and water 
(HPLC gradient grade, Fisher Scientific) were purchased and used without further 
purification.  Dichloromethane (analytical reagent grade) was purchased from Fisher 
Scientific and immediately before use dried and distilled over calcium hydride.  The 




H NMR were d1-chloroform, d4-methanol or 








C NMR spectra were recorded using a JEOL ECS spectrometer (400 MHz) 
at 293 K in solutions of deuterated chloroform (CDCl3), d4-methanol or d8-ethanol.  
Molecular weight parameters were recorded by size exclusion chromatography 
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(SEC) of THF solutions using two 5μm mixed C PLgel columns at 40oC and a 
Shodex RI-101 refractive index detector.  The SEC system was calibrated using 
poly(methyl methacrylate) standards. 
UV-visible spectra were recorded using either a Shimadzu UV-1800 spectrometer 
using quartz cuvettes with a path length of 10 mm.  IR spectra were recorded using a 
Shimadzu IR-Affinity1 spectrometer equipped with a Golden Gate Diamond ATR. 
 
3.3 Experimental 




In a typical synthesis: 2-bromo-2-methyl-propionyl bromide (MBrPBr) (6 g, 26.1 
mmol) was dissolved in toluene (40 ml).  In a second vessel, propylamine (1.54 g, 
26.1 mmol) and triethylamine (0.330 g, 3.3 mmol) were dissolved in toluene (40 ml) 
and cooled to 0 
o
C in an ice bath.  The solution of MBrPBr was added dropwise to 
the pre-chilled solution, and the resultant cloudy mixture was left stirring at 0 
o
C for 
three hours, then at room temperature for a further 10 hours.  The completed reaction 
was passed through filter paper to remove any salts and then evaporated under 
reduced pressure to leave a viscous brown liquid.   Pure MBrPA was recovered by 
redissolving the liquid in 40 ml of diethyl ether prior to passing it through a short 
alumina column.  This solution was then washed five times against a 10% saturated 
solution of aqueous sodium hydrogen carbonate then left stirring overnight with 5 g 
of activated carbon and 5 g of anhydrous magnesium sulphate prior to filtration.  The 
final product was collected under reduced pressure to yield a yellow liquid (58% 
yield) prior to analysis by NMR and FTIR.  




H NMR  δH(400 MHz; CDCl3; ppm) 0.95 (3H, t, J=7.53, -CH2-CH3), 1.6 (2H, 
m, J=7.29, -CH2-CH2-CH3), 1.95 (6H, s, (CH3)2C-) 3.25 (2H, q, 
J=6.92,5.93, NH-CH2-CH2-), 6.7 (1H, br s, NH) 
13
C NMR   δC(100 MHz; CDCl3; ppm) 11 (-CH2-CH3), 23 (-CH2-CH2-CH3), 34 
((CH3)2C-), 42 (NH-CH2-CH2-) 
FTIR (vmax/cm
-1
) 3350s (NH) , 2940s (CH), 1740 (CO), 1460s (CH), 1370s (CH), 
510w (CBr). 
   
  
Figure 3.5 : 
1
H NMR spectra of 2-bromo-2-methyl-N-propylpropanimide (amide 
initiator synthesised for ATRP), with proton signal assignments made corresponding 








A typical synthesis was as follows: A Schlenk tube containing OEGMA (Mn 300, 5 
g, 18.1 mmol), CuCl (0.036 g, 0.362 mmol), 4,4’-dinonyl-2,2’-bipyridine (dNBpy) 
(0.2959 g, 0.724 mmol) and ethanol (15 ml) was sealed and degassed with nitrogen 
for 45 minutes. MBrPA (0.0507 mL, 0.362 mmol) or EBriB (0.053 mL, 0.362 
mmol) was injected via gastight syringe and then left stirring at room temperature for 
15 hours.  1mL samples were removed via syringe, exposed to air and then passed 
through a short alumina column to remove the catalytic system before being dried to 
Scheme 3.3 : MBrPA as an ATRP initiator for OEGMA 
Figure 3.6 : 
13
C NMR spectra of 2-bromo-2-methyl-N-propylpropanimide 
(amide initiator synthesised for ATRP), with carbon signal assignments 
made corresponding to the structure displayed inset. 
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remove reaction solvent.  They were then separately diluted in tetrahydrofuran 
(THF) for SEC, and CDCl3 for NMR.  At the end of polymerisation the full reaction 
was exposed to air then diluted with THF (40 mL), whereupon the reaction mixture 
turned from dark brown to green, and then passed through an alumina column to 
remove the catalytic system.  The combined solution was added dropwise to an 
excess of cold, stirring hexane.  The product precipitated as a clear viscous liquid 
and was collected by centrifuge prior to drying overnight under vacuum at 35 
o
C 
prior to SEC and NMR analysis. 
The quantities of reactants, initiator, catalyst, solvent, and details of the products can 
be found in Tables: 3.2 – 3.5 in Section 3.4.2. 
 
1
H NMR  δH(400 MHz; CDCl3; ppm)   0.8-1.1 (3H, br, -CH2-C-CH3), 1.7-2.0 
(2H, br, CH3-C-CH2-), 3.1 (3H, br, CH2-O-CH3), 3.3-3.8 (4H, br, O-
CH2-CH2-O), 4.1 (2H, br, C(=O)-O-CH2) 
13
C NMR  δC(100 MHz; CDCl3; ppm)  24-27 (CH2-C-CH3), 31-34 (CH3-C-CH2-
), 57-60 (CH3-C-CH2-)/( CH2-O-CH3), 66-69 (O-CH2-CH2-O), 177-
179 (C=O) 
 
Figure 3.7 : 
1
H NMR spectra of a MBrPA initiated POEGMA reaction mixture, with 
proton signal assignments made corresponding to the structure displayed inset.  The 
ratio of proton e (monomer) to e’ (polymer) was used to calculate monomer 
conversion.  e’ is specific to the first CH2 group following the ester moiety in the side 
chain of POEGMA.  
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3.3.4 Synthesis of POEGMA by ARGET-ATRP 
 
A typical synthesis was as follows: A Schlenk tube containing OEGMA (Mn 300, 4 
g, 14.49 mmol), N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA) (0.076 
ml, 3.62 mmol), water (15 ml), CuBr2 (0.0323 g, 0.145 mmol) and MBrPA (0.0507 
mL, 0.362 mmol), was sealed and degassed with nitrogen for 45 minutes. Tin 2-
ethylhexanoate (Sn(EH)2) (0.0217 ml, 0.66 mmol) was injected via gastight syringe 
and then left stirring at room temperature for 20 hours.  1mL samples were removed 
via syringe, exposed to air and then passed through a short alumina column to 
remove the catalytic system before being dried to remove reaction solvent.  They 
were then separately diluted in tetrahydrofuran (THF) for SEC, and CDCl3 for NMR, 
although no successful polymerisation occurred (Table 3.8 in Section 3.4.3.1).   
 
3.3.5 Synthesis of POEGMA by SET-LRP 
 
A typical synthesis was as follows: A Schlenk tube containing OEGMA (Mn 300, 5 
g, 18.1 mmol), N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA) (0.076 ml, 
3.62 mmol), MBrPA (0.0507 mL, 0.362 mmol), ethanol (15 ml), CuBr2 (0.0081g, 
0.06 mmol) and a magnetic stirring bar wrapped in copper wire held above the 
mixture, was sealed and degassed with nitrogen for 45 minutes. The reaction was 
initiated by lowering the copper wire into the reaction mixture below.  1mL samples 
were removed via syringe, exposed to air and then passed through a short alumina 
column to remove the catalytic system before being dried to remove reaction solvent.  
They were then separately diluted in tetrahydrofuran (THF) for SEC, and CDCl3 for 
NMR.  At the end of polymerisation the full reaction was exposed to air then diluted 
with THF (40 mL), whereupon the reaction mixture turned from dark brown to 
green, and then passed through an alumina column to remove the catalytic system.  
The combined solution was added dropwise to an excess of cold, stirring hexane.  
The product precipitated as a clear viscous liquid and was collected by centrifuge 
prior to drying overnight under vacuum at 35 
o
C prior to SEC and NMR analysis. 




H NMR  δH(400 MHz; CDCl3; ppm)   0.8-1.1 (3H, br, -CH2-C-CH3), 1.7-2.0 
(2H, br, CH3-C-CH2-), 3.1 (3H, br, CH2-O-CH3), 3.3-3.8 (4H, br, O-
CH2-CH2-O), 4.1 (2H, br, C(=O)-O-CH2) 
13
C NMR  δC(100 MHz; CDCl3; ppm) 24-27 (CH2-C-CH3), 31-34 (CH3-C-CH2-
), 57-60 (CH3-C-CH2-)/( CH2-O-CH3), 66-69 (O-CH2-CH2-O), 177-
179 (C=O) 
 
3.3.6 UV-visible analysis 
 
CuCl (4.14 mg, 0.042 mmol) or CuCl2 (5.61 mg, 0.042 mmol) was placed in a quartz 
UV-VIS cell (1 cm path length) and purged with N2.  To the cell was added 3 mL of 
a degassed stock solution of 4,4’-dinonyl-2,2’-bipyridine (dNBpy) in ethanol (1.98 
mg/mL, 0.0048 mmol/mL).  The cell was sealed under nitrogen via a rubber septum.  
EBriB (0.006 mL, 0.042 mmol) or MBrPA (0.006 mL, 0.042 mmol) was injected 
into the cell through the septum via gas tight syringe.  After vigorous shaking the 
cell was placed in the UV-VIS spectrometer for measurement.  Measurements were 
taken every five minutes for a total of 50 minutes.  In the case of the amide analogue, 
N-methyltrimethylacetamide (3.07 mg, 0.042 mmol) was added prior to the cell 
being sealed and degassed with nitrogen as normal. 
 
3.3.7 Chemical modelling 
 
Chemical modelling was carried out by Dr. Simon Holder at the University of Kent.  
Initial molecular conformations were assessed and minimised using the semi-
empirical PM6 method through the CS MOPAC interface in ChemBio3D Ultra 
version 12.0.2 (Cambridgesoft).
46
  All density functional theory (DFT) calculations 
were run using the GAMESS-US code version 11 (R1).
47
  All minimum energy 
confirmations and frequencies were determined at the B3-LYP/6-31+G(d) level of 
theory at 298.15K.
48, 49







 functionals using the augmented triple-ξ 
Dunning aug-cc-pVTZ basis set
53
 and unrestricted wave functions.  DFT-D3 
dispersion corrections were utilised in all cases;
54, 55
 with additional parameters for 
the D3 corrections taken from the literature.
56, 57
  Calculations in solvents were 
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performed using the conductor-like polarisable continuum model (C-PCM) 




3.4.1 Synthesis of 2-bromo-2-methyl-N-propylpropanimide 
(MBrPA) 
 
The synthesis of 2-bromo-2-methyl-N-propylpropanimide (MBrPA) was 
accomplished through the nucleophilic addition/elimination (SN2) reaction of 
propylamine and 2-bromo-2-methyl-propionyl bromide (MBrPBr).  Mechanistically 
this occurs through the nucleophilic attack of the carbonyl atom in MBrPBr by the 
lone pair of electrons on the nitrogen in the propylamine.  The attack is specific to 
the bromine adjacent to the carbonyl due to the relative positivity of the carbonyl 
resulting from the C=O bond.  The elimination reaction occurs with the ejection of a 
Brˉ atom as the carbonyl bond reforms, which then causes the removal of a proton 
from the nitrogen, completing the formation of an amide bond.   
This mechanism is well known, and was experimentally facile to perform; initially 
producing a dark brown liquid once solvent had been removed following the reaction 
and prior to any purification.  Following purification steps (addition of activated 




carbon) the final product was recovered as a yellow liquid which showed a clean 
spectrum in 
1
HNMR (Figure 3.5).  
The ATRP of OEGMA was attempted using MBrPA as initiator, as will be discussed 
in Section 3.4.2, but early reactions had variable success rates leading to further 
investigation into the synthesis of the initiator.  On close inspection of a new 
1
HNMR spectrum of MBrPA, an additional signal at 1.9 ppm (2(CH3)) was 
observed.  The noticeable change in the signal relating to the dimethyl groups 
adjacent to ATRP initiation site, with no clear difference across the rest of the 
spectrum, strongly suggests the loss of the Br atom.  This would account for some of 
the issues with ATRP reactions using the initially synthesised MBrPA, as with some 
initiator molecules lacking the Br atom they would not be able to participate in any 
polymerisations. 
MBrPA was purified through sequential washings with sodium hydrogen carbonate, 





C NMR spectra showed no sign of impurities.  Previously 
MBrPA had been stored at room temperature in colourless glass sample jars, but the 
storage method was changed to keep it at low temperature (4 ºC), whilst wrapping 
the sample jar in foil to minimise UV exposure.  
1
HNMR spectra were produced 
monthly following the introduction of these measures and showed no further sign of 
degradation. 
 
3.4.2 Amide vs ester polymerisations by ATRP 
 
The successful ATRP of OEGMA has previously been demonstrated in a range of 
solvents including water, methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), 
isopropanol (IPA), dimethyl sulfoxide (DMSO) and N,N-dimethylformamide 
(DMF).
6
  Previous work within the group demonstrated that a 7:3 mix of IPA and 
water enabled the synthesis of well controlled POEGMA using ethyl 2-
bromoisobutyrate (EBriB) as an initiator, so this was the solvent system first 
attempted with the ATRP of OEGMA using 2-bromo-2-methyl-N-propylpropanimde 
(MBrPA).  All reactions proved unsuccessful, resulting in trial polymerisations using 
a range of solvents and the results of these experiments are displayed in Table 3.2.  
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Whilst the polymerisations initiated by EBriB (E1-3) were carried out successfully 
in all three solvent systems, the MBrPA initiated reactions (A1-5) were not as 
successful.  Several attempts were made to carry out a polymerisation of OEGMA 
using MBrPA in the IPA/water (7:3) mixture, but the polymerisation solution 
invariably changed from a brown colour to green after 2-3 hours (A1 and A2, as well 
as others not listed).  CuBr complexed to bipyridine (Bpy) in solution possesses a 
brown colouration, whilst CuBr2 has a green hue.  The colour of the solution 
changing to green could have been a result of the persistent radical effect (PRE), as 
CuBr2 is generated at initiation, but the failure to synthesise any polymer suggests 




The polymerisations run in pure IPA (E2, A3, and A4) sometimes produced 
polymers; but they possessed drastically different degrees of success.  E2 shows a 
low dispersity (1.19) and experimental molecular weight values in close agreement 
 
Table 3.2: Amide and ester polymerisation using CuBr/Bpy catalyst system in a 

















               
E1 Ester IPA/water 12 11850 12150 1.17 87 
E2 Ester IPA 20 22700 21900 1.19 73 
E3 Ester EtOH 24 25300 26400 1.21 88 
        
A1 Amide IPA/water 24 n/a n/a n/a n/a 
A2 Amide IPA/water 48 n/a n/a n/a n/a 
A3 Amide IPA 48 8300 5250 1.56 35 
A4 Amide IPA 48 n/a n/a n/a n/a 
A5 Amide EtOH 35 5520 3000 1.49 20 
A6 Amide EtOH 48 6130 5700 1.39 38 
 aMn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b





with theoretical values, as would be expected in a living polymerisation.  A3 on the 
other hand only proceeded to 35% conversion after twice the time as E2, and 
produced a polymer with a broad dispersity, and a higher molecular weight than 
expected and A4 failed to polymerise.   
Samples A5 and A6 were polymers produced using ethanol as solvent, and again the 
materials prepared were indicative of a lack of control within the polymerisation.  
Ethanol solvated reactions were however more successful overall, regardless of the 
quality of the materials produced, and generally proceeded to produce polymers 
instead of terminating before a polymerisation could take place.   
It has previously been demonstrated that the solvent chosen for the ATRP of 
OEGMA can have a drastic effect over the level of control in the reaction.
6
  
Bergenudd et al carried out the ATRP of OEGMA, using CuBr/Bpy as the catalyst 
system, in a range of solvents including: water, IPA, DMSO and MeCN, and found 
that there was a rough correlation between the level of control in a reaction and the 
polarity of the solvent, with lower polarity solvents providing higher degrees of 
control.
6
 Whilst IPA has a slightly lower relative polarity (0.617) when compared to 
EtOH (0.654) suggesting it would provide more control, it was decided to use EtOH 
as the solvent in subsequent ATRPs due to the increased success rate of EtOH 
solvated polymerisations. 
The ligand used in the catalytic system is also known to affect the activation rate 
constant in ATRP.
60  
Initial polymerisations were carried out using CuBr and 
bipyridine as a catalyst, as in many of the early ATRP systems.
5, 61
  Whilst this 
produced good polymers for the ester initiated reactions with Mn(exp) in close 
agreement to Mn(theo), low dispersities, high conversions and an initiator efficiency 
close to 1, the amide initiated reactions took up to three times as long to create 
polymers with high dispersities and very low conversions.  Further to this, molecular 
weights were much higher than anticipated in the MBrPA initiated polymerisations 
resulting from the poor initiator efficiency of the amide system. The results of some 
of these polymerisations are shown in Table 3.3.  
As had been previously observed in the various solvent trial polymerisations, EBriB 
initiated polymerisations (E4-6) again showed high levels of control, even when 
targeting different degrees of polymerisation (50 for E4, 100 for E5 and E6).  
Samples A8-11 show results that are in close agreement with those previously 
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 reported in the literature, with very low monomer to polymer conversions, high 
dispersities, and poor Mn(exp) to Mn(theo) agreement.
8, 10, 16
  The reliability of the 
polymerisation in EtOH was again shown to be improved, with only one out of five 
experiments failing to react, as displayed with sample A7. 
The literature suggested that changing to a system utilizing CuCl and dNBpy could 
help, as the catalyst may both improve the rate of polymerisation (as the katrp 
associated with dNBpy is higher than bpy) and also improve control over materials 
produced.
8, 62, 63
  The results of these reactions are presented in Table 3.4 on the 
following page.  The effect of using CuCl instead of CuBr is to reduce the relative 
rate of propagation of growing polymer chains in comparison to the initiating 
species.
64-67
  This causes more control over the growing chains within the system, 
lowering dispersity and bringing molecular weights closer to those predicted 
(Mn(theo)).  This is triggered by the higher bond dissociation energy of chlorine, 
slowing the rate of polymerisation.   
 
Table 3.3: Amide and ester polymerisation using CuBr/Bpy catalyst system in a 

















                
E4 Ester 50 24 11900 12150 1.31 81 1.02 
E5 Ester 100 20 22700 23700 1.22 79 1.04 
E6 Ester 100 24 23950 25200 1.29 84 1.05 
         
A7 Amide 50 24 n/a n/a n/a n/a n/a 
A8 Amide 50 34 2750 4050 1.3 27 1.47 
A9 Amide 50 42 4300 3150 1.66 21 0.73 
A10 Amide 50 48 6520 3600 1.45 24 0.55 
A11 Amide 50 72 7130 4800 1.37 32 0.67 
 a
Mn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b








The data shows that the system had been improved in some regards, with amide 
initiated polymerisations (A12-18) producing polymers with much higher molecular 
weights than observed in previous experiments.  Whilst there was little difference 
within the results of an EBriB initiated system (E7 compared to E4-6), the majority 
of MBrPA reactions proceeded to >50% conversion.  Whilst CuCl has a higher bond 
dissociation energy than CuBr,
 
the increase of kact resulting from the change of 
ligand was enough to offset any detrimental effect this would have on the overall 
reaction.
68
  Amide initiated materials were still not as close to their theoretical 
molecular weights as the esters, generally still being double or more than the 
theoretical value, and initiator efficiencies dropped from around 60% to 30-50%, 
mirroring results that have previously been obtained in the literature.
8, 10, 14, 18
  
In an effort to fully optimize the system the ratios of reagents were varied and further 
polymerisations carried out with the results displayed in Table 3.5.  By increasing 
the ratio of solvent to monomer in the system further control was obtained over the 



















       
 
E7 Ester 50 24 11100 11400 1.26 76 1.02 
         
A12 Amide 50 20 19843 6000 1.31 40 0.30 
A13 Amide 50 21 19288 8322 1.18 55 0.43 
A14 Amide 50 28 20079 7950 1.33 53 0.40 
A15 Amide 50 36 22067 7800 1.21 52 0.35 
A16 Amide 50 36 18627 8904 1.18 59 0.48 
A17 Amide 50 48 21749 11034 1.23 74 0.51 
A18 Amide 50 70 18540 6900 1.29 46 0.37 
         
          
Table 3.4 : Amide and ester polymerisation using CuCl/dNBpy catalyst system in 
a 1:2 ratio and 2:1 solvent to monomer ratio.  
a
Mn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b





















                
E8 Ester 50 20 12600 12000 1.17 80 0.95 
E9 Ester 50 24 14877 13950 1.3 93 0.94 
         
A19 Amide 50 48 13632 9410 1.26 63 0.69 
A20 Amide 50 66 12390 9810 1.13 65 0.79 
A21 Amide 50 70 19025 9600 1.19 64 0.50 
A22 Amide 50 72 20780 9150 1.2 61 0.44 
A23
d
 Amide 50 24 11730 6000 1.14 40 0.51 
A24
d
 Amide 50 70 15240 5280 1.23 35 0.35 
 
Table 3.5: Amide and ester optimization polymerisations using CuCl/dNBpy 





Mn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b




Initiator efficiency calculated by: Mn(exp) / Mn(th) 
d
Ligand to copper ratio 1:1 
The ratio of ligand to copper was also varied in a pair of experiments (A23 and 
A24); however the results showed a much lower monomer conversion than with the 
otherwise identical experimental systems. This is to be expected as with half as 
many ligands for complexing much of the CuCl will not be dissolved due to its low 
solubility in polar solvents, meaning even fewer radicals are present and able to 
propagate the reaction. 
The optimized system of 3:1 EtOH to monomer and 2:1 dNBpy to CuCl as catalyst 
system was then utilised as part of a sampled reaction in order to monitor the 
livingness of the system.  Pseudo first order kinetic plots of both an amide and ester 
initiated reaction were produced from the data collected, and are displayed in Figures 
3.8 and 3.9 on the following page. In a fully “living” reaction it is expected that both 
molecular weight against conversion, and ln(M0/M) over time will produce a linear 
series of data points. As expected, the ester initiated reaction displays strongly living 
characteristics, with a decent linear fit on the pseudo first order plot (Figure 3.8).  
The start of the amide polymerisation appears to possess living characteristics, but 
after 20 hours the plot becomes non-linear.  This plateauing has been explained in 
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the literature by the loss of the catalytic system by irreversible oxidation, causing 
termination of  
propagating polymer chains.
69
 Even within the system optimized for the ATRP of 
OEGMA using an amide initiator the ester initiated polymerisation occurs at a much 
faster rate than the amide.  Polymers of a similar molecular weight were produced in 
Figure 3.8 : Pseudo first order plot displaying ln(M0/M) over time during the ATRP 
of OEGMA using an EBriB (green) and MBrPA (blue) as initiators and the 
optimized reaction system developed for amide initiators. 
Figure 3.9 : A plot displaying molecular weight of POEGMA over time during the 
ATRP of OEGMA using an EBriB (green) and MBrPA (blue) as initiators and the 
optimized reaction system developed for amide initiators.  The red line indicates the 
theoretical value expected in an ideal system. 
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6 and 48 hours by the ester and amide respectively, meaning that the rate of 
polymerisation of for EBriB is around 8 times faster than MBrPA. 
 
3.4.2.1 UV-visible analysis of amide and ester initiators 
The rate at which both initiators produce radicals was monitored by UV-visible 
spectroscopy where the main peak at 440 nm corresponds to Cu(I)Cl and as radicals 
are produced absorption decreases as Cu(I) is converted into Cu(II), in line with the 
processes occurring in Equation 3.3.   
 
𝐶𝑢𝐶𝑙  +   𝑅 − 𝐶𝑙  
  𝒌𝒂𝒄𝒕   
→     𝐶𝑢𝐶𝑙2  +   𝑅 ∙ 
𝑅 ∙   +   𝑅 ∙    
  𝒌𝒕   
→      𝑅 − 𝑅 
Equation 3.3 
 
A typical spectra series is displayed in Figure 3.10, clearly showing the drop in 
absorption at 440 nm.  Correspondingly, at 740nm a peak is expected to appear as a 
result of the creation of Cu(II)Cl2 (as has been shown in the literature).
70, 71
  
Figure 3.10 : Plot of UV-visible spectra produced by the addition of EBriB to a solution 
of CuCl complexed by dNBpy in ethanol. The dotted line is centred on the peak assigned 











This was achieved experimentally by placing CuCl, dNBpy, and EtOH in a quartz 
cuvette and then adding either the amide or ester initiators (the full procedure is 
explained in Section 3.3.3).  UV spectra were recorded every 5 minutes, for a total of 
50 minutes, with each individual experiment being repeated 3 times. 
The plot of the data derived from the λmax of the spectra is displayed in Figure 3.11, 
but it was impossible to elucidate a difference between the two initiators from this 
data, but when a first order plot is constructed (Figure 3.12), it is clear that the ester 
initiator is producing radicals (CuCl peak decaying) faster than the amide initiator.  
This implies that the rate of activation for the ester is higher than the amide, or: 
 
𝑘𝑎𝑐𝑡(𝑒𝑠𝑡𝑒𝑟)   >   𝑘𝑎𝑐𝑡(𝑎𝑚𝑖𝑑𝑒) 
Equation 3.4 
 
Figure 3.11:  Plot of absolute data points at 440 nm derived from UV-visible spectra of 

















One explanation given for this effect in the literature is a complexation between the 
N-H bond in amide initiators, and copper catalyst present in the system.
18
  This can 
be tested simply by placing CuCl in the presence of an amide bond without any other 
ligand. CuCl is insoluble in polar solvents, so any solvation of the metal halide must 
be the result of complexation with the amide bond.  N-methyltrimethylacetamide 
(MTMEA) was used as for the study, as it is analogous to the amide initiator but 
without a bromine atom which would initiate a reaction.  This was compared against 
a solution of CuCl in ethanol alone, and also a solution of CuCl, dNBpy and ethanol 
Figure 3.13:  Structure of MBrPA (blue), and N-methyltrimethylacetamide 
(MTMEA, red).  The structure of MTMEA is roughly analogous to MBrPA, but 
does not contain a bromine atom. 
Figure 3.12:  A plot displaying ln(absorbance at 440 nm) against time for amide and 
ester initiators.  MBrPA (blue) clearly displays a shallower gradient than EBriB, 



















(Figure 3.14). Without any additives CuCl is insoluble in the solvent, and with a 
good ligand (dNBpy) the absorption value at 440 nm rises to 0.7-0.8.  MTMEA has 
negligible effect, with the copper halide remaining insoluble, clearly showing that 
MTMEA, and by inference the amide bond within it, does not complex with CuCl. 
Another reason given within the literature for the ineffectiveness of amide initiators 
is that the amide bond can somehow interrupt the catalytic process simply by being 
present;
14
 as such, any reaction with an amide present would be impaired.  Again this 
is experimentally simple to test by adding MTMEA to an ester initiated kinetic 
study.  As a control, an ester analogue (ethyl trimethylacetate, ETMEA) was 
Figure 3.15:  Structure of EBriB (green), and Ethyl trimethylacetate (ETMEA, red).  
Figure 3.14 : UV-VIS data for: CuCl and only ethanol (black), CuCl with dNBpy in 












 also added to an identical reaction, the results of these experiments are displayed in 
Figure 3.16.  The original data for EBriB from Figure 3.11 is shown as a reference 
for the rate of radical formation.  Clearly, both the ETMEA and MTMEA have a 
detrimental effect on the rate at which absorption decays, as displayed by the 
shallower gradient on both of their plots.  However, the amount by which the decay 
is diminished was very similar whether it was an unreactive ester (ETMEA) or an 
unreactive amide (MTMEA) moiety added to the system. This is suggestive that it is 
merely the presence of additional molecules within the solutions causing the effect, 
not specifically the amide. 
A further explanation for the lower amide activity could be that the amide initiator 
speeds up the rate of disproportionation of CuCl, to create Cu(0) and CuCl2, similar 
to the effect that is proposed to be occurring within a single electron transfer living 
radical polymerisation (SET-LRP).
9, 72
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Figure 3.16: First order plot UV-visible data at 440nm corresponding to using the 
ester initiator (green), the ester initiator with ETMEA (black) and the ester initiator 




Within a SET-LRP reaction it is proposed that Cu(0) activates the alkyl halide to 
produce a radical, instead of the Cu(I) species as in a conventional ATRP.  The 
Cu(0) is rapidly created in situ by the disproportionation of Cu(I)Cl to Cu(II)Cl2 and 
Cu(0).
73
  The advantage of this mechanism is that the spontaneous generation of 
Cu(II)Cl2 (propagating chain deactivators) enables an increased level of control 
within the system as the persistent radical effect (PRE) is bypassed.
74
  In a 
conventional ATRP Cu(II)Cl2 would not be present in the reaction at initiation, but 
early stage bimolecular terminations of propagating chains lead to a build-up of 
“persistent” Cu(II)Cl2 which proceeds to mediate the rest of the polymerisation.
59
  
SET-LRP avoids these early termination reactions by generating the mediating 
Cu(II) species at reaction onset.  It has previously been shown that the solvent choice 
for the reaction has a large effect over whether SET-LRP occurs.
74
  Percec et al 
demonstrated that the polymerisation of methyl acrylate in DMSO possessed 
characteristics of SET-LRP (>98% polymer bromine functionality indicating few 
bimolecular terminations), but if reaction conditions remained constant and MeCN 
was used as solvent the reaction had characteristics in line with conventional ATRP 
(80% bromine functionality at 86% monomer conversion).
74
 In addition to this, SET-
LRP have also been demonstrated to be occurring within water and alcohol 
systems,
75, 76
 which suggests that in principle the rapid disproportionation of Cu(I)Cl 
Scheme 1.14 : The proposed mechanism for SET-LRP.  The disproportionation of 
Cu(I) occurs spontaneously within the solution providing Cu(0) species to activate the 
alkyl halide and allow polymerisation. 
104 
 
could be occurring within the system that was optimized for the ATRP of OEGMA 
using an amide initiator (ethanol, CuCl/dNBpy). This can be tested experimentally 
by adding initiator to a solution containing Cu(0) and a ligand.  If the Cu(0) is 
attacking the alkyl halide of the initiator a signal corresponding to the generation of 
Cu(II)Cl2 would be expected to appear, this signal has been demonstrated to occur 
around 740 nm.
70
   
Figure 3.17 : VIS spectra showing the wavelength where Cu(II)Cl2 is expected to 
appear (around 740 nm) for Cu(0) in ethanol with dNBpy.  The top spectra displays 



















The spectra produced by these experiments are displayed in Figure 3.17 on the 
previous page, whilst the absorption at 740 nm for each spectrum is displayed in 
Figure 3.18 above.  It is clear that there does not appear to be any disproportionation 
from either initiator under these conditions and there is no increase or decrease in 
absorption for either initiator.  It should be noted that the Cu(0) powder that was 
added to each of the cuvettes was observed to simply settle at the bottom.  Further to 
this, no colour change was observed in either of the cuvettes, whilst in all previous 
experiments the generation of Cu(II) species through the loss of Cu(I) had been 
accompanied by a colour change from brown to green, as was also observed during 
the ATRP of OEGMA. 
 
Matyjaszewski et al demonstrated a method where the katrp value for an initiator can 
be calculated by observing the concentration of Cu(II) against time.
70, 71
 By 
monitoring the increase of the Cu(II) peak absorption at 740 nm following the 
addition of an initiator to a solution containing CuCl, dNBpy and ethanol, the value 
of katrp can be obtained using Equations 3.6 and 3.7. 
 
Figure 3.18 : A plot of the data produced from the VIS spectra of Cu(0) in ethanol 













































The spectra produced by these experiments are displayed in Figure 3.20, whilst the 
plots derived from the spectra and Equation 3.6 are displayed in Figure 3.19 below.  
It should be noted that because the extinction coefficient that was used as a reference 
for determining the concentration of Cu(II) was for a bpy/CuCl2 system, rather than 
the dNBpy with mixed halide  (bromo-initiators with copper chlorides) system used 
here,  the assumption of a constant extinction coefficient for the Cu(II) complex may 
not be valid.  However the relative values between the initiators should still be 




Figure 3.19 : Plots derived from Equation 3.2 by monitoring the rise in absorption at 740nm 
corresponding to Cu(II) species being generated by the amide (left) and ester (right) initiators 




katrp values for the initiators were calculated at 5.37 x 10
-7
 for the amide initiator, and 
8.32 x 10
-6 
for the ester.  This means that the activity of the ester is around 15 times 
greater than that of the amide, going a long way towards explaining the frequent 
observations of low initiator efficiencies within amide initiated polymerisation.  
Figure 3.20 : VIS spectra showing the increase in signal relating to the generation of 




















The katrp of EBriB has previously been reported as 1.0 x 10
-5
 using tris[(2-
pyridyl)methyl]- amine (TPMA) as a ligand and CuBr in MeCN as solvent.
77
  This 
value is only 1.2 times larger than the value calculated in this experiment (8.32 x 10
-
6
), implying a level of confidence in the result.  The difference between the two 
values is to be expected because whilst the same initiator was used, the other 
reagents in the previously published experiment were varied.   
 
To further understand this result, and attempt to actually explain rather than observe 
the difference between amide and ester initiated system, quantum chemical 
calculations were performed on model systems. 
 
3.4.2.2 DFT modelling of amide and ester initiators and analogues 
DFT calculations were carried out on a selection of chemicals analogous to EBriB 
and MBrPA. Methyl 2-bromo-2-methylpropanoate (MBriP), N-methyl 2-bromo-2-
methylpropanamide (MBriPA), N,N-dimethyl 2-bromo-2-methylpropanamide 
(MBriPA2), methyl 2-chloro-2-methylpropanoate (MCliP) and N-methyl 2-chloro-2-
methylpropanamide (MCliPA) were all tested, and their structures are displayed in 
figure 3.21 on the following page. 
Geometries of the molecules were optimized using the B3LYP functional with the 6-
31+Gd basis set that has previously been used to analyze ATRP initiators.
77-80
 The 
B3LYP functional is known to give inaccurate values for thermo-chemical 
calculations, especially in free bond dissociation energies, so additional functionals 
were utilized for the free energy calculations.
81, 82
 Both the BMK and M06-2X 
functionals have been reported to give good results for bond dissociation energy 
calculations, 
50, 51, 82-86 
and the double-hybrid functional B2G-PLYP has been 
reported to be accurate for thermo-chemical calculations.
52, 57, 87
  For all of the 
calculations Grimme’s D3 dispersion energy correction was employed as it has been 
shown to improve the results of bond dissociation energies as well as 
thermochemical values for most functionals,
54, 57, 88
 and the aug-cc-pVTZ basis set 
was used.
53
  Reference values for ∆H and ∆G for the dissociation of the carbon-
bromine bond were taken from work previously published by Coote et al.
80
.  The 
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data produced from these calculations compared to literature values is displayed in 
Table 3.6 on the following page. 
The closest values for ∆H and ∆G when compared to the literature were calculated 
using the BMK functional (UHF), reiterating that this function is of great value for 
low cost bond dissociation energy calculations.  Regardless of the absolute values 
that were calculated for all the molecules, of particular significance were the results 
pertaining to the amide and ester initiators (MBriP and MBriPA), which showed a 
large difference in bond dissociation energy (BDE) between the two molecules.  
Apart from in the B3LYP results, values obtained were very consistent, with an 
overall average difference in BDE of -21.7kJ mol
-1
 with a mean standard deviation 
of only 1.25kJ mol
-1
 between the different methods.   
Within the literature it has been stated that the BDE values for ATRP initiators are 
the major factor for the equilibrium constants for activation of the initiators by the 
copper catalysts.
77
 If everything remains equal in terms of reaction conditions and 
reagents, then the relative BDE values can be used to evaluate the relative reactivity 
of initiating species.   
Figure 3.21:  Structures of the molecules used in DFT calculations. 
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With the values shown here, a difference of -21.7kJ mol
-1
 between the initiators 




 =  0.000158 
 
As a comparison, MBriPA2, an analogue of the amide initiator but with tertiary 
amide bond as opposed to a secondary, gave an average BDE of -9.53kJ mol
-1
.  This 




 =  0.00214 
 
Table 3.6 : Summary of the results from the DFT calculations, calculated at 298.15K 
in the gas phase.  All values are in kJ mol
-1
.   
 R-Br  → R•  +  Br• 





∆G 185.0 217.8 206.5 207.7 221.2 
∆H 230.1 263.0 251.6 252.8 258.5 
MBriPA 
∆G 208.9 239.8 226.4 228.7 NA 
∆H 251.0 282.0 268.6 270.8 NA 
∆GG  -23.9 -22.0 -19.9 -21.0  
MBriPA2 
∆G 195.4 228.3 216.1 216.2 NA 
∆H 238.8 271.8 259.6 259.7 NA 
∆GG  -10.4 -10.5 -9.6 -8.5  
MCliP 
∆G 225.9 276.0 265.6 254.2 278.5 
∆H 271.7 321.7 311.3 299.9 315.3 
MCliPA 
∆G 254.0 301.2 289.9 279.6 NA 
∆H 296.8 343.9 332.6 322.3 NA 
 a
6-31+G(d).   
baug-cc-pVTZ-D3.   
c





It has previously been reported that the katrp values for the secondary ATRP initiators 
ethylbromopropanoate and 2-bromo-N,N-diethylpropanamide were 0.30 and 0.044 
respectively, having been derived experimentally.
89
 This equates to the ester being 
only 7 times more active than the amide and as such should imply that for MBrPA 
(the initiator used in the ATRP of OEGMA in Section 3.4.2), where the difference to 
the ester was 6335 times, the polymerisation should not occur at all, and if it did, 
would have no controlled characteristics at all.  Looking at the results of the chloride 
based initiators shows that if an active amide initiator molecule reacts with Cu(II)Cl2 
then the newly formed alkyl chloride is unlikely to be able to take part in any further 
reactions for the duration of the polymerisation as the BDE required to cleave the C-
Cl bond is 61.4kJ mol
-1
 higher than for the C-Br bond. 
This low initiation activity for amides should mean that polymerisations proceed 
extremely slowly, and would result in an initiator with extremely low efficiency due 
to the difficulty the amide initiator has when forming a stable radical as its halide 
dissociates.  This was observed in polymerisations of OEGMA, where the amide 
initiator often took double or more time to produce polymers of the same molecular 
weight as those by the ester. The higher BDE of the amide structure compared to the 
ester shows that it is easier for the catalytic system to activate the ester initiator, 
where less energy is required to remove the halide and form a radical.  The fact that 
these amides are less reactive than esters is not surprising, as it has been reported 
previously that they have lower radical stabilisation energies than their ester 
equivalents.
79
  What is interesting is that the BDE difference between the molecules 
analysed in these calculations is so much larger.   
One possible reason for this could be to do with the minimal energy conformations 
that these three molecules assume.  As is shown in Figure 3.22, the C-Br bond angles 





 respectively. Whereas for MBriPA (top right) the angle is only 
around 4
o
.  This appears to be caused by an intramolecular H-Br hydrogen bond.  
This is a phenomenon that has been observed before with α-Br bonds in aromatic 
amides.
90
 This hydrogen bond appears to have the effect of strengthening the carbon-
bromine bond, and thereby increasing its bond dissociation energy. 
112 
 
The most obvious reason for the significant difference between the UV-visible 
results and quantum chemical calculations is that the UV data were recorded in a 
solvent (ethanol), which the calculations were were carried out in the gas phase, with 
no considerations taken for a solvent system.  In order to investigate this a further set 
of calculations were carried out at the BMK/aug-cc-pVTZ level, making use of the 
universal solvation model of Truhlar et al.
58
  
Xylene was chosen to act as a non-polar solvent due to its lack of hydrogen bonding 
and was compared against ethanol, which was used as the reaction solvent in the 
optimized polymerisations using MBrPA and OEGMA.  Figure 3.24 shows the 
calculated results for ∆H and ∆G across both solvents and in the gas phase, with 
Table 3.7 giving details of katrp and ∆G relative to the ester initiator.  There is a 
significant drop in the enthalpies when moving from the gas phase to the xylene 
system for both MBriP and MBriPA.  MBriPA2 decreases in ∆H making the same 
change, but actually gains a small amount of ∆G.  There does not appear to be any 
change for the ester initiator when moving from the non-polar xylene solvent into 
the polar ethanol environment, whereas the amides both show further drops in ∆G 
and ∆H when moving to more polar systems. 
Figure 3.22: Optimised minimum energy conformations (B3LYP/6-31+G(d)) with 
O=C-C-Br dihedral angles obtained for model initiators. 
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MBriPA and MBriPA2 were calculated to be around 14 and 9 times less reactive 
than MBriP when in ethanol.  The value for MBriPA fits extremely well with 
previous experimental results, where in the UV analysis MBrPA was around 15 
times less reactive than EBriB.  It is clear that whilst solvation in a polar protic 
environment drastically increases the rate of activation of the amide structures for 
ATRP, their reactivity is still less than that of the esters.  Significant solvent effects 
such as this have been noticed before (DMF vs DMSO).
11, 91
  
Figure 3.23 : Structures of molecules used for calculations (top) compared to the 
structures of the two initiators used for the ATRP of OEGMA in Section 3.4.2 
Compound  Gas Xylene Ethanol 
MBriP 
∆∆Ga 0 0 0 
K/K0
b 1 1 1 
MBriPA 
∆∆Ga -20.4 -12.6 -6.6 
K/K0
b 0.000264 0.00626 0.0710 
MBriPA2 
∆∆Ga -10.5 -15.2 -5.5 
K/K0
b 0.0144 0.00216 0.107 
 
Table 3.7: Calculated (BMK/aug-cc-pVTZ) relative differences in BDFEs and relative 
katrp values for the amide initiators from the ester initiator.   
aDifference between ∆G for compound relative to ∆G for ester 
initiator (MBriP). 
b





3.4.3 ARGET-ATRP and SET-LRP of OEGMA using 
MBrPA 
 
In addition to the main body of work on the ATRP of OEGMA proposed in this 
chapter, several reactions were carried out using both an activator regenerated by 
electron transfer ATRP (ARGET-ATRP) and single electron transfer living radical 
polymerisation (SET-LRP) conditions. 
Figure 3.24 : Free energies and bond dissociation energies for model initiators in 
solvents calculated at the BMK/aug-cc-pVTZ//B3LYP/6-31+G(d) level of theory. 
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3.4.3.1 ARGET-ATRP of OEGMA 
Activator regenerated by electron transfer ATRP (ARGET-ATRP) is a variant of 
ATRP that makes use of a reducing agent to mitigate the persistent radical effect.
92, 
93
  The result of this is that any Cu(II) species that form within the reaction are 
reduced back to Cu(I), and the total amount of copper halide that is required in the 
system is lowered.  Common reducing agents that have been used include: tin 2-
ethylhexanoate (Sn(EH)2), ascorbic acid and glucose.
92, 94
  ARGET-ATRP has also 
demonstrated ability to mitigate the adverse effects of any oxygen within the 
polymerisation, with some reported polymerisations progressing without any 
specific effort to remove oxygen from the system.
95, 96
 
Whilst the reaction conditions that were developed for the ATRP of OEGMA using 
MBrPA enabled successful polymerisations in most cases, some reactions still did 
not proceed at all, and in these cases the reaction mixture was observed to change 
from a brown colour to green soon after initiation.  Two reasons proposed for this 
effect occurring were an overly rapid generation of Cu(II) species upon initiation as 
a result of termination reactions, or oxygen being present within the reaction 
atmosphere despite practices being in place to stop this (degassing the reagents with 
nitrogen for 45 minutes).  “Freeze-pump-thaw” is a technique that is often used to 
reduce the oxygen content of a reaction flask, but using this process did not improve 
the success rate of polymerisations compared to only degassing with nitrogen. 




It has been demonstrated that ARGET-ATRP can be used for the synthesis of 
POEGMA in both alcohol and aqueous solutions.
97, 98
 It was suggested that the 
utilisation of ARGET-ATRP would provide a higher rate of success for 
polymerisations due to the observed build-up of Cu(II) species on initiation being 
reduced back to active Cu(I) species. 




(PMDETA) was also used in this reaction as it has been shown to be an effective 
ligand for the ARGET-ATRP of methacrylates and is readily available 
commercially.
97-99
  The results of these reactions are displayed in Table 3.8 below.  
The polymerisation was attempted three times, with both varying degrees of 
polymerisations targeted and different lengths of reaction time.  None of the 
reactions produced polymers that could be analysed by SEC as any product was 
indistinguishable from the reaction mixture at initiation.  Upon initiation the 
reactions possessed a green colouration that persisted throughout the duration of the 
polymerisation.  This was expected due to the increased amount of Cu(II) species 
within the system at initiation when compared to a conventional ATRP.   
The reason for reactions being unsuccessful was unclear, as experimental conditions 
similar to those used in these experiments have previously produced polymers were 
low dispersities and controlled molecular weights.
99
  It was proposed that the failures 
were again due to the amide initiator, where the C-Br bond dissociation energy was 
high enough that activation of the initiator was unfavourable with the specific 
Table 3.8: ARGET-ATRP of OEGMA using Sn(EH)2, PMDETA, CuBr2, water 













       
ARG1 Amide 50 24 n/a n/a 0 
ARG2 Amide 100 36 n/a n/a 0 
ARG3 Amide 100 72 n/a n/a 0 
 a
Mn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b






components of the system that had been changed over that used in conventional 
ATRPs, mainly the ligand as PMDETA, and the solvent as water.  Whilst quantum 
calculations had suggested that polar protic solvents (such as water) increase the 
activity of amide initiators,  earlier ATRPs carried out in an IPA/water mix had also 
all been unsuccessful, indicating this solvent systems incompatibility with amide 
initiators. 
 
3.4.3.2 SET-LRP of OEGMA 
 
Single electron transfer living radical polymerisation (SET-LRP) revolves around 
the rapid in situ disproportionation of Cu(I) species to Cu(0) and Cu(II), and it is the 
Cu(0) species that activate the alkyl halide initiator to trigger polymerisation.  The 
Cu(II) formed fulfils the same role as in conventional ATRP, by acting as a 
deactivator to a propagating radical.  This method has been demonstrated to rapidly 
synthesise controlled polymers from a range of vinyl monomers.
100
  
Amide initiated ATRP of OEGMA generally took double or more time to produce 
polymers with similar molecular weights to those initiated by an ester (Table 3.5, 


















               
SET1 Amide 50 240 56000 4541 1.40 29 
SET2 Amide 50 240 48450 3341 1.45 21 
SET3 Amide 100 240 n/a n/a n/a 0 
SET4 Amide 100 180 37200 4991 1.39 32 
 
Table 3.9: SET-LRP of OEGMA using MBrPA as initiator in ethanol, 




Mn(theo) was calculated by : [M]/[I] x Mn(0) x % conversion.  
b




Section 3.4.2).  SET-LRP polymerisations occur rapidly, often completing in 
minutes, as opposed to hours as in ATRP.
101
  Due to the rapid rate of polymerisation 
that SET-LRP provides, it was decided to attempt the SET-LRP of OEGMA using 
MBrPA (amide initiator from Section 3.4.2) in experimental conditions similar to 
those previously reported for the polymerisation of methyl methacrylates.
74, 75
  These 
conditions were: ethanol as solvent, Cu(0) wire wrapped around a stirrer bar, 
PMDETA as ligand, CuBr2 as  radical deactivator,  and the reaction carried out at 
room temperature.  Results from these polymerisations are displayed in Table 3.9, 
with a pseudo first order kinetic plot of a reaction shown in Figure 3.24 on the 
following page. 
Upon initiation all polymerisations appeared colourless and then changed to a light 
blue indicating the formation of Cu(I), apart from SET3 which remained colourless 
for the duration.  The delay in Cu(I) generation, an induction period, is an effect that 
has been observed previously and is a explained by the presence of oxygen within 
the system.
101
  Whilst this would be detrimental in conventional ATRP, its effect is 
diminished in SET-LRP as Cu(0) will react with oxygen to form copper oxide, 
which can initiate and disproportionate itself, but at a much lower rate than Cu(0).  
Polymers synthesised in SET1, SET2, and SET4 invariably possessed broad 
dispersities, low conversions, and molecular weights considerably larger than 





SET-LRP than the equivalent polymers prepared by ATRP using MBrPA across all 
measured characteristics.  The pseudo first order kinetic plot highlights the non-
living nature of the reaction (Figure 3.24).  This is confirmed by observation of the 
plot displaying molecular weight against conversion, where the data possesses little 
linearity and each sample had a molecular weight that was significantly larger than 
the theoretically calculated value. 
Figure 3.24 : Pseudo first order kinetics plot (top) and molecular weight against time 
(bottom) for SET-LRP of OEGMA using MBrPA as initiator. 
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Whilst the polymers produced by SET-LRP were in no measure “controlled”, 
reactions were generally successful in the production of POEGMA without any 
optimisation of the system, and high molecular weight polymers (>Mn 30000) were 
prepared in a time period measured in minutes rather than hours or days as in ATRP.  
Further research into evaluating the ideal reaction conditions could enable SET-LRP 




To conclude, OEGMA has successfully been polymerised using ATRP with both a 
common, frequently used ester initiator (EBriB) and a novel analogous amide 
initiator (MBrPA) that was synthesised specifically for the polymerisation.  Whilst 
the amide polymerisations were initially not as successful as the ester, by careful 
control of the experimental conditions the system was optimised to produce 
polymers that were a lot closer to having ideal “living/controlled” characteristics. 
The reason for the discrepancy between the two initiators was analysed by both UV-
visible spectroscopy and by quantum chemical calculations to determine bond 
dissociation energies.  Whilst initial UV-visible investigations failed to validate 
previous reasons given in the literature for the lack of control in amide initiated 
polymerisations, the katrp of both EBriB and MBrPA was calculated by using a 
method that had been reported by Matyjaszewski et al.
70, 71
 This value of katrp was in 
close agreement with density function theory calculations that were performed once 
solvent effects of the reaction environment were taken into consideration. 
It appears that the key reason for the amide initiators having such a low efficiency is 
that the bond dissociation energy of amides is much higher than that of analogous 
esters.  This means that polymerisation of methacrylates using amide based initiators 
will always suffer from slow reaction times and relatively poor control due to the 
difficulty in cleaving the carbon halide bond in an amide initiator.  The higher bond 
dissociation energy of the amide might stem from an intramolecular H-Br bond, and 
this effect can be somewhat mitigated by using a polar protic solvent. 
121 
 
By looking at the bond dissociation energies of some chlorine based initiators, it is 
highly likely that if there is any deactivation of amide initiator molecules by a 
copper(II) chloride complex (creating an C-Cl bond) then that molecule is effectively 
terminated to any other significant reactions for the duration of the polymerisation, 
as the bond dissociation energy is larger than for C-Br bonds.  This backs up the 
experimental data of Adams et al who detected evidence of unreacted amide initiator 
even when polymerisations had proceeded to high conversions.
10
 
Both ARGET-ATRP and SET-LRP were evaluated for the synthesis of POEGMA as 
each technique has qualities that would be beneficial for polymerisation.  It has been 
demonstrated with ARGET-ATRP that the amount of catalyst required for 
polymerisation is lower than in a conventional ATRP.
92
  Further to this, ARGET-
ATRP is a robust polymerisation system as it provides some mitigation to the effects 
of oxygen within the reaction.
96, 102
 Unfortunately the ARGET-ATRP of OEGMA 
using MBrPA failed to synthesise any polymer, possibly as a result of changing the 
solvent and ligand used for the reaction.  SET-LRP showed more potential, and was 
used to prepare three polymers with high molecular weights in reactions that were 
significantly faster than ATRP, but without any controlled characteristics.  If 
reaction conditions were optimised, then SET-LRP could become a much faster 
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Chapter 4: PEI-graft-POEGMA 
4.1 Introduction 
 
As has been discussed in the previous chapters, the field of polymer science has 
expanded dramatically since the middle of the 1990s as new techniques were 
developed for the synthesis of novel polymers conforming to complex 
architectures.
1-3
  One area that has seen a surge of interest is the biomedical field, 




4.1.1 Bio-applications for polymers 
 
By utilising one or more polymers that can react to external stimuli, “smart” 
materials can be developed to fulfil specific roles.  These roles can include, but 
are not limited to; polymer coatings to increase bioavailability of drug molecules, 
targeted drug delivery systems (DDS) for localised treatments in vivo, magnetic 
resonance imaging (MRI) contrast agents, and separation techniques.
11-16
 
Due to the modular way in which polymers composites can be assembled, one 
possible method for synthesising “smart” materials is by covalently bonding 
complete polymer chains to functional substrates. For many years magnetic 
nanoparticles have held a leading role in medical diagnosis, acting as contrast 
agents in MRI.  The fundamentals of MRI lie in the same processes which occur 
in 
1
H NMR, utilising a strong magnetic field to align protons within the sample.  
A radio frequency (RF) pulse is then applied across the field, causing the protons 
to shift alignment, then “relax” back to their aligned state after the RF signal is 
removed.  This relaxation causes a small emission of further RF from the 
affected protons, which can be detected and used to eventually make an image.
17
 
MR images can be improved up by the utilisation of contrast agents, magnetic 
materials whose presence changes the rate at which protons will relax, bringing 
about an increase in resolution.
18, 19
  In general the agents used are either 
compounds of gadolinium or iron oxides, depending on the specific image that is 
required.  There are a wide range of contrast agents available on the market, but 
131 
 
most share two key properties: high stability in water and high magnetic 
saturation.  Water stable particles can be dispersed into solutions more readily, 
ensuring that the material can come into contact with protons in the body.  
Magnetic saturation is a measure of how strong a magnetic field the particle will 
exhibit during the experiment, increasing their contrast effect. 
 
Beyond their MR contrast effect, magnetic nanoparticles can also be used as a 
substrate for hyperthermia, a process that uses high temperatures to kill localised 
areas of cancer cells.
20, 21
  By exposing the particles to an alternating magnetic 
field, heat builds up within the particles due to a combination of Brownian 
motion, direct thermal activation, and reversal of the particle’s local magnetic 
field by the strong external field.  If this particle is at or near the site of a tumour, 
then the heating effect could reach temperatures high enough to cause cell death.  
Even without inducing cell death, this thermal effect can trigger the activation of 
thermally responsive materials in situ; potentially delivering payloads of 
therapeutics directly to the site they are required. 
Several drug delivery systems are already on the market, treating a range of 
conditions that vary from fungal infections (AmBisome), to cancer (Bexxar), and 
even hepatitis (PEG-Intron).
22-24
  Polymer drug delivery systems (DDS) offer 
many advantages over introducing unprotected therapeutics into a person.
25, 26
  
They can be passively targeted by attaching moieties or DNA that are programed 
for specific biological overexpression.  This minimises the amount of a drug that 
has to be in the living system by making it region-specific.  A secondary effect of 
this is an improvement in the therapeutic index of the drug, by possibly lowering 
the total amount of therapeutic agent required, and decreasing any toxic effect.  
Also, the presence of a protective polymer coating enables the usage or 
therapeutics that would be unable to survive in vivo for any great period of time.  
 
4.1.2 Polymers used for biological applications 
 
The numbers of polymers that are being investigated for medical applications is 
numerous, many of which have been discussed in the previous chapters.  For this 
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work, research was carried out using poly(oligo ethylene glycol) methyl ether 
methacrylate (POEGMA) and polyethyleneimine (PEI). 
 
4.1.2.1 Poly(oligo ethylene glycol) methyl ether methacrylate (POEGMA) 
As mentioned in Chapter 3, POEGMA is part of a group of polymers containing 
a methyl methacrylate backbone, with ethylene glycol units forming side chains 
to create a brush-like structure. 
It is of interest within this application because it has been shown to increase the 
protein resistance in materials it is bound to, and it also possesses a lower critical 
solution temperature (LCST) whilst being highly soluble in water.
27-29
  These 
properties would be invaluable for the creation of a multifunctional 
detection/delivery system.  Increased protein resistance enables the system to 
remain in vivo for longer, whilst the LCST can be triggered in order to release 
any drugs being carried by the system. 
The thermoresponsive nature of POEGMA can be fine-tuned by 
copolymerisation with 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA).
30 
PMEO2MA exhibits an LCST around 26 ºC, making it unsuitable for in vivo 
applications.  The LCST of POEGMA is dependent on the length of ethylene 
oxide units, a length of eight or nine units exhibits an LCST around 90 ºC.  Lutz 
et al showed that by varying the degree of copolymerisation the LCST can be 
fine-tuned between the LCSTs of the homopolymers.  At 8% OEGMA the 




4.1.2.2 Polyethyleneimine (PEI) 
PEI is a polymer composed of ethylene units interspersed by primary, secondary 
and/or tertiary amines.  PEI can come as four distinct forms; linear, branched, 
hyperbranched, and dendritic.  In a linear arrangement the majority of amines are 
secondary, except possibly a primary amine at either end of the chain. Branched 
structures have a mix of amines as secondary and tertiary to create some 
branching, and as a dendrimer there are many tertiary amines creating a perfect 
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 star shaped structure.  In a hyperbranched system there are also multiple tertiary 
amine sites, but the structure is not uniformly branched at each successive amine. 
Whilst dendrimers are desirable for a number of applications, the synthesis of 
perfect structures is often costly and time consuming.
31
  Due to this, branched 
and hyperbranched structures are often used, as they offer many of the same 
advantages as dendrimers, and are widely available commercially.  
Figure 4.1 : Three different types of molecular structures that PEI can conform to, (a) 
linear, (b) branched, and (c) hyperbranched. 
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It has previously been shown that PEI can be absorbed onto the surface of 
magnetite nanoparticles in order to act as the first layer of a particle stabilisation 
system where poly(ethylene oxide)-co-poly(glutamic acid) acted as a secondary 
layer.
32 
It has also been noted by several groups that aqueous stabilisation of 
prepared nanoparticles can be obtained by using a combination of PEI and 
polyethylene glycol, or polyethylene oxide. 
33-35
 Due to the large number of 
ammonium groups within the PEI structure, it is inherently cytotoxic, due to the 
possible electrostatic interactions with phosphate groups within DNA.  These 





PEI has been successfully copolymerised with thermoresponsive polymers 
(poly(N-isopropylacrylamide) (PNIPAAm), or PNIPAAm-based copolymers, in 
order to produce controlled medical release systems.
39, 40
 Quan et al synthesised a 
PNIPAAm based copolymer coupled to PEI that exhibited a thermal response.  
This was then used in drug loading experiments and showed a temperature 
triggered controlled release of the loaded drug payload.
39
 Cheng et al synthesised 
a separate PNIPAAm based copolymer via free radical polymerisation then 
coupled it to PEI.  The material produced possessed a LCST at 38 ºC, and had an 
improved DNA transfection efficiency when compared to the unmodified PEI.
40
   
 
 
Figure 4.2 : Illustration of the (PNIPAAM-co-PNDAPM)-b-PEI structure 
synthesised by Cheng et al.41 
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4.1.3 PEI-graft-POEGMA stabilised nanoparticles 
 
PEI-graft-POEGMA based materials have previously been synthesised through a 
multistage reaction wherein the copolymer was synthesised first, then coupled to 
the PEI.
41
   
Initially Zhang et al carried out atom transfer radical polymerisation (ATRP) to 
synthesise P(MEO2MA-co-OEGMA), producing copolymers similar to those 
reported by Lutz et al.
30, 41
  The bromine end group was then changed to azido 
group, in order to avoid side reactions during coupling to the PEI.  This was 
achieved by the addition of NaN3 in DMF, in a darkroom environment.  Next, the 
other end of the copolymer was modified to produce isocyanate functionality.  
This was carried out using a modified version of Kissel et al’s method.42 Finally, 
the copolymer was coupled to the PEI by dissolving PEI in chloroform, and 
adding the copolymer (also dissolved in chloroform) to it dropwise.  The 
resulting solution was then refluxed at 70 ºC under nitrogen for 20 hours prior to 
precipitation into diethyl ether to collect the product.
41
  Whilst this method was 
successful at creating a gene delivery vehicle, it relied on multiple steps, and 
includes reaction conditions that require exacting control of temperature, 
atmosphere and light. 
One advantage of this system however is that it avoided any requirement to use 
ATRP with an amide based initiator.  As detailed in Chapter 3, amide initiators 
for ATRP have proven to cause many problems, including low initiator 
efficiencies that cause higher than predicted molecular weights, and slow 
polymerisations with variables rates.
43-49
.   
Scheme 4.1: Synthetic route used by Zhang et al for the synthesis of PEI-g-P(MEO2MA-
co-OEGMA). (i) CuBr/CuBr2, PMDETA, THF, 2’-hydroxyethyl-2-bromoisobutyrate, 70 
ºC, 12 h. (ii) NaN3, room temp., 20 h. (iii) OCN(CH2)6NCO, CHCl3, DIEA, reflux, 16 h. 





In this chapter an alternative method to produce PEI-graft-POEGMA will be 
outlined (Scheme 4.2).  PEI (branched, Mn 600) was modified with an ATRP 
initiating moiety to produce a macroinitiator for the ATRP of OEGMA.  This 
method only relies on two synthetic steps, and utilised the robust nature of ATRP 
under relatively mild conditions, and the knowledge of how to minimize the 
detrimental effects of amide initiators for ATRP, to produce well defined 
polymers that possessed low dispersities and a range of molecular weights.  
Furthermore, these polymers retained the thermoresponsive effect provided by 
the POEGMA segment, and still possessed the ability to transfect DNA due to 
the PEI core.  Finally the PEI-graft-POEGMA was used as a stabiliser for 
superparamagnetic nanoparticles, which retained the same characteristics of 
particles prepared in the absence of the polymer.   
The results of this method were published in 2014.
50 
4.2 Materials and Apparatus 
4.2.1 Materials 
 
Oligo(ethylene glycol methyl ether) methacrylate (Mn 360, Sigma-Aldrich), 
triethylamine (99 %, Sigma-Aldrich), copper (I) bromide (98 %, Sigma-Aldrich), 
2-bromo-2-methylpropanoyl bromide (98 %, Sigma-Aldrich), N,N,N′,N′′,N′′-
Pentamethyldiethylenetriamine (99 %, Sigma-Aldrich), ethidium bromide (≥95 
%, Sigma-Aldrich), low molecular weight DNA from salmon sperm (≤5 % 
Scheme 4.2 : Outline of the novel, facile, two-step synthesis of PEI-graft-POEGMA. (i): 
Functionalization of PEI macro-initiator: Et3N, DCM, BrC(CH3)2COBr, 0 ºC, 24 h.  (ii): 




protein, Sigma-Aldrich), sodium bicarbonate (analytical reagent grade, Fisher 
Scientific) aluminium oxide (activated, neutral, for column chromatography 50-
200 μm, Acros Organics) magnesium sulphate (97 %, anhydrous, Acros 
Organics) methanol (analytical reagent grade, Fisher Scientific), tetrahydrofuran 
(analytical reagent grade, Fisher Scientific) and ethanol  (analytical reagent, 
Fisher Scientific), Polyethyleneimine, branched (Mn 600, 99 %, Ð 1.08, 
Polysciences Inc.) were purchased and used without further purification.  
Dichloromethane (analytical reagent grade) was purchased from Fisher Scientific 
and immediately before use was dried and distilled over calcium hydride. Ferric 
chloride (FeCl3) and ferrous sulphate heptahydrate (FeSO4.7H2O) were 
purchased from Riedel-deHaen and sodium hydroxide (NaOH) was purchased 
from J.T. Baker. All were analytical grade and used without further purification. 








C NMR spectra of the polymers were recorded using a JEOL ECS 
spectrometer (400 MHz) at 25 °C in solutions of deuterated chloroform (CDCl3), 
d4-methanol or d6-ethanol.  Molecular weight parameters were recorded by size 
exclusion chromatography (SEC) of THF solutions using two 5 μm mixed C 
PLgel columns at 40 °C and a Shodex RI-101 refractive index detector.  The 
SEC system was calibrated using poly(methyl methacrylate) standards.  
DLS measurements were performed on the PEI-graft-POEGMA stabilised 
nanoparticle dispersions, and PEI-graft- POEGMA DNA complexes, using a 
Malvern Zetasizer Nano ZS with Dispersion Technology Software (DTS) version 
5.0 software. All measurements of 10 scans were repeated three times and the 
average at each temperature reported. 
Fluorescence data was recorded using a FluroMax-2 fluorometer at an excitation 
wavelength of 500nm, scanning from 530 nm to 700 nm at a 1 nm increment, 
using a 950 v lamp. 
Particle sizes, distributions and morphologies of the nanoparticles and  were 
analysed by Cem Atlan under the supervision of Nico Sommerdijk and Seyda 
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Bucak,  Particles were analysed by FEI Tecnai G2 Sphera Transmission electron 
microscope (TEM) operating at 200 kV by drying 30uL of samples on carbon 
coated 200 mesh copper grids. Phase identification of synthesized nanoparticles 





 at room temperature with 0.02 theta increments per 10 sec. 
Magnetic properties of both bare and PEI-b-POEGMA coated particles were 
analysed by Vibrating Sample Magnetometer at dry state and room temperature.   
 
4.3 Experimental 
4.3.1 Synthesis of Poly(ethyleneimine)-graft-(2-bromo-2-






PEI Mw 600 (5 g, 0.0083 mol) and triethylamine (1.5 ml, 0.011 mol) were 
dissolved in 200 ml of dichloromethane and placed into an ice bath at 0 
o
C and 
left stirring. 2-bromo-2-methylpropanoyl bromide (15 g, 0.0653 mol), pre 
dissolved in 100 ml of dichloromethane, was added dropwise to this mixture. The 
resulting solution was left stirring at 0 
o
C for 3 hours and then stirring at room 
temperature for a further 18 hours. The solution was filtered to remove solids and 
then evaporated to leave a yellow viscous oil which was re-dissolved in 40 ml of 
dichloromethane. This was washed five times against a 10% saturated solution of 
sodium bicarbonate then left stirring over night with 3 g of activated charcoal 
and 5 g of anhydrous magnesium sulphate. Finally this was filtered again to 
remove solids before being dried under vacuum (yield 61%) prior to NMR 
analysis.  
Scheme 4.3 : Synthesis of PEI-graft-(2-bromo-2-methyl)propanamide, macroinitiator for 




H NMR δH(400 MHz; CDCl3; ppm) 1.65 (3H, br, ((CH3)2C-)), 2.45 (2H, br, -N-
CH2-CH2-NH-), 2.6 (2H, br, -CH2-CH2-NH-), 3.2 (4H, br,  -NH-CH2-
CH2-NH- / -N-CH2-CH2-N-), 3.45 (2H, br, -NH-CH2-CH2-NH-C=O), 
3.6 (2H, br, -CH2-CH2-NH-C=O) 
13
C NMR δC(100 MHz; CDCl3; ppm)  32 (((CH3)2C-), 38 (-NH-CH2-CH2-NH- / 
C=O-NH-CH2-CH2), 41-50 (C=O-NH-CH2-CH2-NH / -NH-CH2-CH2-
NH- / -N-CH2-CH2-NH-), 50-58 (-N-CH2-CH2-NH- / -N-CH2-CH2-N- 
/ ((CH3)2C-)), 172 (C=O-NH) 
 
4.3.2 Synthesis of Poly(ethyleneimine)-graft-poly(oligo 
ethylene glycol) methyl methacrylate 
A typical synthesis was as follows: A Schlenk tube containing OEGMA (Mn 
300, 5 g, 18.1 mmol), CuCl (0.036 g, 0.362 mmol), 4,4’-dinonyl-2,2’-bipyridine 
(dNBpy) (0.2959 g, 0.724 mmol) and ethanol (14 ml) was sealed and degassed 
with nitrogen for 45 minutes. PEI-initiator in ethanol (0.1 g/ml) was injected via 
a gastight syringe and then left stirring at room temperature under nitrogen for 48 
hours. At timed intervals 1 mL samples were removed via syringe, exposed to air 
and then passed through a short alumina column to remove the catalytic system 
then diluted in THF for SEC and CDCl3 for NMR. The polymer was isolated by 
dropwise addition of the THF solution to an excess of cold, stirred hexane. The 
product precipitated as a green viscous liquid and was collected by centrifuge 
prior to drying overnight under vacuum at 35 
o
C before SEC and NMR analysis. 
Results of these reactions can be found in Table 4.1 in Section 4.4.2. 
 
 




H NMR δH(400 MHz; CDCl3; ppm) 0.75-1.1 (3H, br, atactic, -CH2-C-CH3), 
1.75 (2H, br, -CH2-C-), 3.5 (3H, br, -CH2-O-CH3), 3.6 (4H, br, -O-
CH2-CH2-), 4.1 (2H, br, -C=O-O-CH2-) 
13
C NMR δC(100 MHz; CDCl3; ppm) 24-27 (CH2-C-CH3), 31-34 (CH3-C-CH2-), 
57-60 (CH3-C-CH2-)/( CH2-O-CH3), 66-69 (O-CH2-CH2-O), 177-179 
(C=O) 
 
4.3.3 UV-visible analysis of PEI-graft-POEGMA dialysis 
 
PEI-graft-POEGMA (0.2 g in 10 ml of deionised water) was placed into a 
holder, and enclosed securely behind dialysis tubing.  A tank containing 4 L of 
water and 10 ml of N,N,N′,N′′,N′′-pentamethyldiethylenetriamine was prepared, 
and set mixing with a magnetic stirrer flea.  The sample holder was then added to 
the dialysis tank, and allowed to dialyse submerged for the required time.  2 ml 
samples of the water/ligand solution were removed and placed into a quartz 
cuvette with 10 mm path length, then analysed by UV-visible spectrometry to 
monitor the dialysis.  Finally the dialysed polymer sample was recovered by 
removing the holder from the dialysis tank, and then diluting the sample with 100 
ml of methanol.  Excess anhydrous magnesium sulphate was added to the 
methanol and left overnight to remove water.  Finally, this solution was filtered 




4.3.4 DNA complexation with PEI-graft-POEGMA 
monitored by DLS and ethidium bromide assay 
 
DNA complexation of PEI-graft-POEGMA was carried out in collaboration with 






4.3.4.1 DLS of DNA-polymer complex and LCST determination 
Aqueous solutions (1 wt%) of PEI (Mn 600), PEI-graft-POEGMA (Mn 26500), 
DNA (from salmon sperm), and PEI-graft-POEGMA complexed with DNA were 
prepared using deionised water.   Each sample was incubated at 25 
o
C in a quartz 
cuvette with path length 10 mm for two minutes prior to analysis. 
 
4.3.4.2 Ethidium bromide assay of DNA-polymer complex 
2 ml of a 1 µg/ml solution of ethidium bromide in distilled water was added to a 
quartz cuvette with path length 10 mm.  0.2 ml of a 0.15 mg/ml solution of DNA 
in distilled water was added by syringe to the cuvette prior to sealing and mixing. 
A 0.02 mg/ml solution of PEI or PEI-graft-POEGMA was added in 20µl 
increments and the resulting emission spectra recorded. 
 
4.3.5 Synthesis of magnetite nanoparticles stabilised with 
PEI-graft-POEGMA 
 
Nanoparticles were synthesised by Cem Altan and U. Ecem Yarar under the 
supervision of Nico Sommerdijk and Seyda Bucak as part of a collaboration 
between: Yeditepe University (Turkey), Eindhoven University of Technology 
(The Netherlands), and the University of Kent (England). 
Typically FeCl3 (0.141 g) and FeSO4·7H2O (0.121 g) were dissolved in distilled 
water (40 ml) which was deaerated by bubbling with nitrogen for 30 minutes to 
remove any dissolved oxygen. The solution was then stirred for 15 minutes for 
complete mixing under nitrogen gas. A solution of PEI-graft-POEGMA (P1 in 
Table 4.1) (38 mg) in aqueous NaOH (0.257 g in 10 ml) was added to the iron 
salts solution rapidly and solution changes colour from orange to black 
immediately. The resulting solution was then stirred at room temperature for 30 
minutes. The particles were collected with a handheld magnet and centrifuged 2 
times after washing with water. The final precipitate was then dried in a vacuum 
oven overnight at 60 °C. The magnetite nanoparticles without stabilizer were 




4.4.1 Synthesis of Poly(ethyleneimine)-graft-(2-bromo-2-
methyl)propanamide (PEI-macroinitiator/PEI-Br) 
4.4.1.1 Structure of commercially bought PEI 
In order to assess the result of the synthesis of the PEI-macroinitiator, the 
structure of the commercially available PEI had to be determined.  The 
manufacturer’s description for branched PEI with a Mn 600 stated that there was 
a ratio of 25:50:25 between primary, secondary and tertiary amine groups within 




C, and two 
dimensional NMR techniques were used. 
Von Harpe et al previously reported 
13
C assignments for PEI, which were used to 
determine the actual ratio of amine groups present within the purchased PEI by 
Figure 4.3 : 
13
C NMR spectra of PEI (Mn 600) with peaks assigned from literature. Inset 









1°: 2°: 3° = (𝐴7 + 𝐴8) ∶  
(𝐴4 + 𝐴5 + 𝐴6)
2
∶  





The calculated results from the 
13
C NMR spectrum on the previous page (Figure 
4.3) give a ratio of 42.5 : 37.1 : 20.4 for 1º, 2º and 3º amine groups respectively.  
This approximates to six 1º, six 2º and four 3º amines per PEI (Mn 600) 
molecule, a significant deviation from the 25:50:25 ratio that had been supplied 
by the manufacturer. The structure of PEI that is shown in Figure 4.3 (and the 
Figure 4.4 : Two dimensional HMQC NMR of PEI (Mn 600).  
1
H NMR is displayed 
on the x-axis at the top, with 
13
C NMR displayed on the y-axis on the right.  Contours 




PEI-macroinitiator structure in Figures 4.6 and 4.7) is an approximation only; it 
serves as a guideline to illustrate the closest structure possible that can be 
constructed using this calculated average of amine sites.  
Previously, the 
1
H NMR structure of PEI (Mn 600) had not been assigned due to 
the complex collection of peaks that overlap between 2.3 and 2.8 ppm.  Using 2D 
NMR techniques (heteronuclear multiple-quantum correlation, HMQC) the 
1
H 
NMR spectrum could be assigned due to the elucidation of carbon-proton nuclei.  
The 2D HMQC spectrum produced is displayed on the previous page in Figure 
4.4, whilst the assigned 
1
H NMR spectrum is given in Figure 4.5 above. 
 
4.4.1.2 Synthesis of PEI-macroinitiator 
The synthesis of the PEI-macroinitiator was carried out by the careful addition of 
2-bromo-2-methylpropanoyl bromide to a solution of PEI, with both reagents 
dissolved in dichloromethane (DCM).  After being purified and collected under 
Figure 4.5 : 
1
H NMR spectra of PEI (Mn 600) with peaks assigned.  Assignments 
were made from peak correlations discovered in Figure 4.4, and protons groups were 
labelled in accordance with the structure shown in Figure 4.3 previously. 
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reduced pressure the PEI-macroinitiator had the appearance of a dark brown, 
highly viscous liquid. Whilst the method that is fully described in Section 4.3.1 
(and in Scheme 4.5), shows the process that was eventually used to repeatedly 
synthesise the initiator, the reaction had to first be fully developed. 
Initially the synthesis was carried out in methanol (MeOH), as the 
manufacturer’s description listed this specific PEI as soluble in low alcohols.  
After the reaction had been completed and the product collected, it was 
redissolved into DCM in order for it to be washed against an aqueous sodium 
Scheme 4.5 : The synthetic route to produce the PEI initiator from an unmodified 
branched PEI with a molecular weight of 600.  The ATRP initiating sites are 
highlighted in blue and result from the reaction of primary and (some) secondary 
amine sites on the PEI structure. 
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hydrogen carbonate solution.  Due to the initiators solubility in both MeOH and 
DCM, it was decided to just use DCM for further reactions, removing one 
purification step.  Unlike the synthesis of 2-bromo-2-methyl-N-
propylpropanimde (MBrPA, amide initiator from Chapter 3) the addition of 
activated charcoal did not appear to reduce the colouration of the macro-initiator 
during purification.  The same storage measures were adopted for the PEI-
macroinitiator as had been used for MBrPA, namely the material being keep at a 
low temperature (4 ºC) and left out of direct sunlight.  Due to its high viscosity it 
was impossible to inject a neat amount of PEI-macroinitiator through a septum 
into an ATRP reaction vessel.  Instead, solutions of PEI-macroinitiator in ethanol 
were prepared, as it had been shown (in Chapter 3) to be the solvent of choice for 
amide initiated ATRPs of OEGMA. 
The overall molecular structure of the PEI-macroinitiator and the unmodified PEI 
are comparable, with only some amine moieties being converted to amide ATRP 
initiator sites, whilst the core structure of the PEI remains unchanged.  This is 




C NMR spectra of the 
starting PEI and the synthesised PEI-macroinitiator, the average number of sites 
available for ATRP initiation could be determined per PEI molecule.  Integration 
of the area between 2.38 ppm and 2.75 ppm on the starting PEI 
1
H NMR 
spectrum (Figure 4.6) gave a signal intensity that was referenced to a known 
number  of protons derived from the calculated average structure.  Likewise, the 
peak centred at 1.9 ppm on the PEI-macroinitiator is the result of the dimethyl 
group adjacent to the initiating bromine atom for ATRP.  The ratio of these two 
signal intensities could be corrected to give an average the number of ATRP 
initiating sites per PEI molecule; 6.6.  
Due to the complex nature of the NMR spectra, and the fact that the predicted 
structure of PEI and PEI-macroinitiator are only averages, the location of 
individual ATRP initiation sites within the PEI molecules are difficult to discern.  
However, the ratio of 1º, 2º and 3º amine sites had been previously determined: 




Figure 4.7 : 
13
C NMR spectra of PEI Mn 600 (top, in blue) and PEI-macroinitiator 
(bottom, in red).  “a” and “b” show the presence of the dimethyl and amide carbons 
respectively. The shift of carbon 4 (from figure 4.1) to “d” is indicative of some of 
the 2º amine sites reacting, due to its adjacency to the 2º amine site. 
Figure 4.6 : 
1
H NMR spectra of PEI Mn 600 (top, in blue) and PEI-macroinitiator 
(bottom, in red).  The signal labelled “a” clearly shows the presence of the dimethyl 
group associated with the ATRP initiating bromine. “b” is also shown at 7.5 ppm, 
and is indicative of the presence of an N-H proton as part of an amide bond 
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The disappearance of signals corresponding to carbons 7 and 8 in the 
13
C 
spectrum of the PEI-macroinitiator suggests that all 1º amine sites have reacted 
and now provide an amide function.  The number of initiation sites calculated 
(6.6), means that it is clear that some of the 2º amine sites must also have reacted.  
This can be observed again on the 
13
C spectrum of the PEI-macroinitiator by 
noticing the shift in the signal corresponding to carbon 4 (which is adjacent to a 
2º amine and carbon 7) from 52.5 ppm in the starting PEI, to around 45 ppm on 
the macroinitiator. 
 
 4.4.2 Synthesis of PEI-graft-POEGMA 
 
With the successful synthesis of a PEI-macroinitiator, the ATRP of OEGMA was 
carried out using the experimental conditions that were outlined for amide 
initiated ATRP in Chapter 3.  It was demonstrated that for the ATRP of OEGMA 
using MBrPA, the ideal reaction used CuCl and dNBpy as the catalyst system, 
and ethanol as the solvent in a 3:1 ratio with monomer.  This was shown to 
enable polymerisations with higher monomer conversions, producing polymers 
with narrower dispersities, and more controlled molecular weight parameters, 
than had been attainable with other reagents or conditions.  It was thought that 
the same results would carry over to polymerisations using the PEI-
macroinitiator due to the grafted initiating moieties being analogous to MBrPA.  
The results of the polymerisations using the PEI-macroinitiator were a series of 
polymers with differing molecular weights, and dispersities at or below 1.4.  
These results are displayed in Table 4.1. 
 
Figure 4.8 : Structures of MBrPA (blue, amide initiator from chapter 3) and one 
ATRP initiation site in the PEI-macroinitiator (red).   
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Sample A1 corresponds to a reaction that was initiated by MPBrPA (as a 
reference) and shows a low dispersity with experimental molecular weight values 
close to those predicted theoretically, as was expected from the optimised 
reaction conditions.  Samples P1-6 were initiated by the PEI macroinitiator and 
produced much more variable results.  P1 displays an extremely low conversion 
for the molecular weight of the polymer produced, because of this there is a large 
discrepancy between theoretical and experimental molecular weight values.  This 
is likely to be caused by early termination reactions occurring during the 
polymerisation before propagation can occur.  Adams et al have previously 
observed that following polymerisations using amide initiators there are high 
levels of unreacted initiator,
46
 and bond dissociation calculations in Chapter 3 
suggest this might result from Cu(II)Cl2 species reacting with initiation sites 
before propagation to a polymer chain can occur.  Samples P2-5 were more 
















        
A1 Amide 50 12400 - 10700 1.12 64 
        
P1 PEI-Br 50 15150 - 1150 1.23 7.5 
P2 PEI-Br 50 27350 26500 13700 1.40 83 
P3 PEI-Br 50 47200 - 10400 1.40 63 
P4 PEI-Br 100 30850 28400 19500 1.25 59 
P5 PEI-Br 100 32150 - 32700 1.27 99 
P6 PEI-Br 50 n/a n/a n/a n/a n/a 
Table 4.1 : Amide and PEI-macroinitiator (PEI-Br) polymerisations using 
CuCl/dNBpy catalyst system and a 3:1 solvent monomer ratio.   
a
SEC Mn determined from triple-detection SEC.   
b
Mn(th) was calculated by : [M]/[I] x Mn(0) x % conversion.   
c


















Figure 4.10 : A plot displaying the molecular weight of PEI-graft-POEGMA (P1) 
over time during a sampled ATRP using the PEI-macroinitiator.  Due to the 
extremely low conversion of monomer the experimental values for Mn were much l 
higher than theoretical values 
Figure 4.9 : Pseudo first order plot of sample P1 displaying ln(M0/M) over time 
during the ATRP of OEGMA using the PEI-macroinitiator.  Similar to amide 
polymerisations in chapter three the plot has a clearly non-linear trend indicative of 
early termination reactions 
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P6 represents a polymerisation that failed to produce a polymer.  Similarly to 
several of the reactions that were carried out in Chapter 3, not every ATRP using 
the PEI-macroinitiator was successful.  Generally an unsuccessful reaction 
exhibited a colour change from brown to green following initiation, which could 
either be the result of losing control of the nitrogen atmosphere within the 
reaction vessel, or an irreversible build-up of Cu(II)Cl2 due to termination 
reactions before propagation could occur. 
SEC triple-detection was used on samples P2 and P4 in order to determine 
whether there was any significant difference when compared to conventional 
single channel SEC.  Conventional SEC (listed as “Mn exp” in Table 4.1) was 
carried out using a Shodex RI-101 refractive index detector, calibrated against 
linear poly(methyl methacrylate) (PMMA) standards.  However, PEI-graft-
POEGMA possesses a hyperbranched structure, with a PEI core providing on 
average 6.6 sites for OEGMA chains to polymerise from.  SEC triple-detection 
utilises a concentration detector (normally refractive index or ultra violet), 
alongside a light scattering detector, and a viscometer.  In this setup the 
viscometer is calibrated against a universal standard, derived from known values 
Figure 4.11 : 
1
H NMR spectra of precipitated PEI-graft-POEGMA (PII) 
sample with peak assignment.  Peak “a” displays splitting due to the 
atactic nature of the MMA backbone in the polymer chain. Consecutive 
methylene groups along the chain are not magnetically equivalent, giving 
rise to the appearance more than one signal. 
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that are independent from the properties of polymers to be analysed, and the light 
scattering result provides an absolute value for molecular weight.  Whilst long-
chain branching can have a more profound effect on SEC results, short-chains (as 
are often found in ATRP) normally have a smaller impact.
52 
  
SEC triple-detection provided Mn values that showed only a 3.1% difference for 
sample P2, and 7.9% difference for sample P4.  Even though there is a 
significant difference in molecular structure between the linear PMMA standards 
and synthesised PEI-graft-POEGMA, the maximum chain length possible for 
POEGMA to reach from the PEI core is only 15 units, assuming 6.6 initiating 
sites, in the highest Mn sample: P5.  These short-chains do not appear to be long 
enough to cause significant deviation in results between SEC triple-detection and 
SEC single detection; however SEC triple-detection did supply lower Mn values 
for both samples, suggesting conventional SEC tends to slightly overestimate the 
actual Mn in these branched polymers. 
  
Figure 4.12 : Conventional SEC molecular weight distributions for the PEI-
macroinitiator (black, left), sample A1 (blue, middle), and P1 (red, right). 
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4.4.2.1 Copper removal from PEI-graft-POEGMA 
Samples of PEI-graft-POEGMA 
produced possessed a green 
colouration even after multiple 
passages through columns and 
precipitations.  This was due to the 
copper catalyst from the ATRP 
forming a complex with the PEI core, 




Complexation occurs due to the 
numerous amine nitrogen atoms 
present within the structure, which 
can act as electron donors in order to chelate metal ions.
55
 In fact, PEI has been 
previously used as part the catalyst system for the ATRP of MMA in an effort to 
produce a recoverable catalyst.
56 
In attempt to remove the copper from the PEI-graft-POEGMA samples, a 
dialysis system was setup, with the polymer dissolved in water behind dialysis 
tubing, and then placed into a tank with a competitive catalyst.  Initially EDTA 
Figure 4.13 : A portion of sample P1, 
showing the green colour of the polymer 
that persisted following passage through 
alumina columns and precipitation into 
hexane. 
 
Figure 4.14 : PMDETA/water dialysis tank after 48 hours.  The polymer sample was 
dissolved in water within the holder, behind dialysis tubing.  The blue colouration is due 




(20 g in 4L of water) was used in order to create the concentration gradient, as it 
had been reported that EDTA can compete against PEI to form complexes with 
copper.
55
 After leaving the dialysis running for 24 hours, then replacing the 
EDTA/water solution and running the dialysis for a further 48 hours, the polymer 
was recollected but still possessed a green colour.  The dialysis was repeated 
using N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA) (10 ml in 4L of 
water) as the competing ligand.  This time after 24 hours the tank of ligand/water 
turned light blue, indicative of copper complexation with the PMDETA, as is 
shown in Figure 4.14.  The external solution was replaced, and then samples 
were taken from the PMDETA/water solution for UV analysis.   
PMDETA/water samples were recovered over the following 320 hours (two 
weeks), until the UV signal associated with Cu(II) species stopped increasing, as 
show in Figure 4.15 above.  Again the polymer was recovered, yielding a green 
viscous liquid.  Samples of dialysed and non-dialysed polymer were analysed by 
UV spectrometry to determine if any significant reduction in copper had 
occurred, with the spectra displayed in Figure 4.16. 
Figure 4.15 : Plot showing the increasing absorption of the signal relating to Cu(II) 





The UV spectra of the PEI-graft-POEGMA before and after dialysis show small 
differences in absorption due to minor concentration disparity and the spectra do 
not display any sort of absorption above 500 nm that would be expected if there 
was chelated copper (II) species in the sample.  Despite this, both samples still 
possessed a distinct green hue.  A further method of determining the 
concentration of copper remaining in the samples would be atomic absorption 
spectroscopy, but instead a study was performed to determine how detrimental 
the presence of copper was to the binding sites present in the PEI. 
 
4.4.3 Determination of PEI-graft-POEGMA DNA 
complexation 
4.4.3.1 Ethidium bromide exclusion assay 
Whilst the green colouration of both the un-dialysed and dialysed polymer, and 
the blue colouration of the dialysis solution both indicate the presence of 
Figure 4.16 : UV visible spectra of PI before (black) and after (red) dialysis with 
PMDETA/water.  The inset shows the region around 684 nm where a peak relating to 












remaining catalytic system (copper), 
UV-visible spectroscopy was unable to 
provide answers to how much copper 
was present, or whether it would affect 
the ability of the polymer for 
applications requiring electron donation 
from the amines in the PEI core.  
Instead, an investigation into the ability 
of the PEI-graft-POEGMA to complex 
DNA would elucidate how active the PEI amine sites remained after ATRP with 
OEGMA. 
 
PEI is well known for its ability to form complexes with DNA due to the large 
number of proton donation sites resulting from numerous amine groups within 
the structure.
37, 41, 57
  A common method of determining the ability of a molecule 
to complex with DNA uses fluorescence spectroscopy to perform an ethidium 
Figure 4.17 : Chemical structure of 
ethidium bromide (EthBr). 
 
Figure 4.18 : Illustration showing the intercalation of EthBr into a strand of DNA.  The 







Figure 4.19 : Generic emission spectra produced by EthBr exclusion assay of PEI Mn600 
(left, blue) and PEI-graft-POEGMA PIII (right, red).  As the amount of polymer 
increases within the system fluorescence quenching occurs in both samples and the 
overall signal intensity decreases. 
 
bromide (EthBr) exclusion assay.
58-60
 EthBr is inherently UV fluorescent due to 
its aromatic structure, this fluorescence increases in an aqueous solution when 
EthBr intercalates between DNA strands, due to it having entered a hydrophobic 
area away from the solvent.  Without DNA intercalation, EthBr molecules are 
quenched by the aqueous solvent, and the fluorescence is reduced.  When 
something that can complex with DNA is added to the system, such as PEI, the 
EthBr is forced to dissociate from intercalation, triggering the re-quenching of 
the molecule, and lowering the observed fluorescence. Intercalation of DNA 
occurs when the heteroaromatic EthBr molecule is inserted between adjacent 
nucleotide base pairs of a DNA strand.
58, 60, 61
  Specifically, hydrogen bonding 
occurs between the 3,8 amino substiuents of the EthBr molecule and the 
phosphate groups present in the DNA. 
To carry out the exclusion assay solutions of EthBr in distilled water were 
prepared and placed in a quartz cuvette.  A DNA and water solution was added to 
this and then gently mixed before recording the initial fluorescence intensity.  
The PEI and PEI-graft-POEGMA were then added to the DNA/EthBr solution in 
portions and with each addition a new emission spectrum was produced, as is 
described in section 4.3.4.2.  At the start of each experiment the cuvette 
contained 0.002mg of EthBr, 0.004mg of DNA, and 0.4 µg of polymer were 
added with each separate addition, with no correction for the difference in Mn 




by the polymer additions are displayed in Figure 4.19, and a plot of the 
fluorescence intensity relative to the starting fluorescence (without either 
polymer) is given in Figure 4.20.  It is clear that the intensity of the spectra 
decreased with the addition of both PEI and 
PEI-graft-POEGMA.  As more of the polymer was added into the sample, EthBr 
dissociated from DNA and entered the aqueous environment, triggering a loss of 
fluorescence as quenching occurred.   
Whilst the overall intensity loss for the PEI sample was greater than that of the 
PEI-graft-POEGMA at a given mass of polymer added, the molecular weights of 
the two samples were vastly different.  The PEI sample had a Mn of 600, whilst 
the PEI-graft-POEGMA sample had a Mn of 27350 (sample P2 in Table 4.1).  
This means that for every 1 µg of sample P2 added to the EthBr solution, there 
was around 46 µg of PEI in the equivalent sample of unmodified PEI.  
Additional emission spectra were produced after remaking polymer solutions so 
that they contained equivalent weight percentages with respect to PEI core. The 







































Figure 4.20 : UV-fluorescence plots of the signal intensity relative to the starting 
intensity (where 100 is purely EthBr/DNA.  The PEI Mn 600 sample is displayed as 
blue, whilst the PEI-graft-POEGMA sample is shown as red.  The overall DNA 
quantity remains constant in the sample, as polymer is added EthBr is forced out of 




POEGMA has a significantly increased efficiency at displacing intercalated 
EthBr from DNA when compared to the unmodified PEI.  It has previously been 
reported by Cheng et al, that PNIPAAm based PEI copolymers can exhibit 
comparable, or even higher, transfection efficiencies when compared to 
unmodified PEI.
40
  From the data presented here the transfection efficiency for 
PEI-graft-POEGMA appears to be orders of magnitude higher than the 
unmodified hyperbranched PEI.  In fact, the large increase in efficiency was so 
surprising that further investigation into this result would have been desirable in 
case of experimental error; but unfortunately this was not carried out due to 
completion of the associated masters program. 
 
4.4.3.2 DLS measurements of Polymer DNA complexes 
An alternative method to valdiating the ability of PEI-graft-POEGMA to 
complex with DNA is by using dynamic light scattering (DLS), which gives a 
size distribution profile of particles in a solution. 0.01 mg/ml samples were 






































Mass of PEI (μg)  
PEI 
PEI-graft-POEGMA 
Figure 4.21 : UV-fluorescence plots of the signal intensity relative to the starting 
intensity (where 100 is purely EthBr/DNA) against the corrected mass of PEI within 
the two samples.  The PEI Mn 600 sample is displayed as blue, whilst the PEI-graft-
POEGMA sample (PII) is shown as red.  PII clearly displays a greater efficiency at 


























Figure 4.22 : Plot produced from DLS data showing number average size distributions 



















PEI DNA complex 
PEI-graft-POEGMA DNA complex 
Figure 4.23 : Plot produced from DLS data showing number average size distributions 
of PEI with DNA (blue – 105 nm) and PEI-graft-POEGMA with DNA (red – 105 nm).  
The disappearance of signals at 1.5 nm and 6.5 nm for PEI and PEI-graft-POEGMA 





PEI-graft-POEGMA with 0.02mg/ml of DNA samples, and then subjected to 
DLS at 25 ºC after 2 minutes of incubation.  Size distributions produced from 
these samples can be seen on the following page in Figures 4.22 and 4.23, with 
specific number average data points displayed in Table 4.2 
As expeceted, Figure 4.22  shows that unmodified PEI had the smallest 
individual particle size, with a number average of 1.5 nm.  PEI-graft-POEGMA 
was larger than unmodified PEI due to the increased volume associated with 
grafter POEGMA  
chains, and measured 6.5 nm.  Finally the DNA sample possessed the largest 
individual size at 68 nm. 
The size distibution plot of PEI with DNA and PEI-graft-POEGMA with DNA 
both suggest that the polymers are forming complexes with the DNA.  The 
disappearance of signals at 1.5 nm and 6.5 nm in figure 4.23 implies that there is 
no polymer left in solution that is not complexing to DNA.  This is reinforced by 
the prescence of a single peak for each sample centred at 105 nm, suggesting a 
small hydrodynamic expansion as the polymers complex to the DNA, which can 




This data, and the EthBr exclusion assay, was performed by Tom Ashton under 









PEI + DNA 105 
PEI-graft-POEGMA + DNA 105 
 
Table 4.2 : DLS measurements of PEI, PEI-
graft-POEGMA and DNA samples   
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4.4.4 Characterisation of PEI-graft-POEGMA stabilised 
magnetic nanoparticles 
With the data provided by DNA complexation implying that PEI-graft-
POEGMA still had active amine sites, a sample was sent to collaborators (Cem 
Atlan and U. Ecem Yarar) for the preparation of polymer stabilised magnetic 
nanoparticles. 
The coprecipitation method for the preparation of magnetic nanoparticles has 
been widely reported for the creation of randomly oriented crystalline particles, 
that possess various morphologies and sizes in the 10 nm range.
62
 This method 
was successfully used to synthesise superparamagnetic nanoparticles with, and 
Figure 4.24 : TEM images of bare (top), and polymer stabilised (bottom) magnetic 
nanoparticles.  Both pairs of images show that particles prepared share the same general 




Figure 4.25 : XRD spectrum of PEI-graft-POEGMA stabilised magnetic 
nanoparticles (red) and a simulated spectrum for magnetite/maghemite nanoparticles.  
The polymer stabilised spectrum closely matches the simulated spectrum with 
obvious peak broadening arising from the non-uniform nature of prepared particles. 
 
without, PEI-graft-POEGMA (sample P2 in Table 4.1) acting as a stabiliser.  The 
morphologies of synthesised particles were analysed using transmission election 
microscopy (TEM), with images produced displayed in Figure 4.24.  Size, and 
size distribution, of prepared particles was calculated by measuring 150 
individual particles and determined that bare particles had an average diameter of 
7.9 nm (standard deviation: 1.5 nm), whilst stabilised particles had an average 
diameter of 7.4 nm (standard deviation: 1.35 nm). 
X-ray diffraction analysis of the stabilised particles (Figure 4.25) shows that the 
spectrum produced has characteristic peaks that can be assigned to magnetite 
and/or maghemite, without the presence of any other iron oxide phases, matching 
closely to a spectrum produced by simulation for magnetite/maghemite. Peaks on 
XRD spectra correspond to the intensity of reflected x-rays as the sample is 
rotated through a range of angles, and specific iron oxide phases will display 






The magnetic properties of saturation magnetization, remenance and coercivity 
of the PEI-graft-POEGMA stabilised particles were compared to the bare 
particles using vibrating sample magnetometry.  Figure 4.26 shows the spectra 
produced, with both hysteresis loops showing no coercivity or remenance, 
indicating that both materials are of a superparamagnetic nature.  Polymer 
stabilised particles were found to have a saturation magnetisation of 40.7 emu/g, 
whereas for bare particles it was 48 emu/g, which is less than bulk magnetite.  
This discrepancy is most likely due to the polymer stabiliser due to the fact that 
both samples are of similar size and morphology.  It has previously been shown 
that particles with different coatings can have low magnetisation values due to 
the non-magnetic surface coating that is surrounding the iron oxide core.
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Magnetic nanoparticles that were prepared were dispersed into distilled water by 
sonication immediately after synthesis.  Polymer stabilised particles remained 
stable in suspension over a period of days, whilst bare particles aggregated and 
precipitated in a matter of minutes, as is displayed in the photographs shown in 
Figure 4.27. 
Figure 4.26 : Magnetisation curves of PEI-graft-POEGMA stabilised (red), and bare 
(black) iron oxide nanoparticles.  Both samples show hysteresis loops indicative of 






4.4.5 LCST of PEI-graft-POEGMA and 
thermoresponsive nature of PEI-graft-POEGMA 
stabilised nanoparticles 
 
In Chapter 3 the ability of hydrophilic polymers to possess a LCST was 
discussed. Below this temperature a single phase molecular solution exists, and 
above it the polymer precipitates out of solution as it becomes hydrophobic.  
Solubility in water is lost as hydrogen bonds between the water molecules and 
the polymer break, causing the polymer to precipitate into a cloudy dispersion at 
the cloud point temperature: TCP.
65-68
  Previously, copolymers prepared partly 
from hydrophilic polymers have been used to create thermoresponsive materials 




1 wt% solutions of two polymers from table 4.1 (A1 and P3) and PEI-graft-
POEGMA stabilised iron oxide nanoparticles in water were analysed by DLS 
and by visual monitoring in order to characterise the LCST of the prepared 
materials, the results of which are displayed in Figure 4.28 on the following 
Figure 4.27 : Bare (top) and polymer stabilised (bottom) nanoparticles in distilled water.  After 
30 minutes the bare particles precipitated out of suspension (top right), whilst PEI-graft-




page. At the TCP of the sample particle sizes increase as the polymer precipitates, 
this is observable by DLS, and can be visually observed by the solution changing 
to a cloudy dispersion. Previous work has shown that POEGMA has a TCP 
around 64 ºC, and this value can be controlled by adjusting the Mn of the 




A1, the linear POEGMA homopolymer, displayed a TCP at 65 ºC when observed 
visually, and within the DLS data this temperature coincides with when the z-
average size distribution of particles became non-uniform and increased in 
diameter.  The variation in sizes that POEGMA particles displayed above 65 ºC 
implies that as the formerly hydrophilic section of the polymer chain collapse the 
created clusters are agglomerating in random distributions. 
 A TCP of 65 ºC is in close agreement with literature values reported for 
POEGMA with similar overall molecular weights and side chain lengths. P3, 
PEI-graft-POEGMA, observed an increase in z-average size distributions that 
begun at 60.5 ºC when measured by DLS, but was not observed visually until 63 
Figure 4.28 : DLS results for 1 wt% aqueous solutions of POEGMA (blue) and PEI-
graft-POEGMA, vertical dashed lines indicate the temperature at which clouding of 
the solution was visible to the eye. “Z-average” (y-axis) is an intensity weighted mean 




ºC.  This lower TCP value when compared to the homopolymer is not entirely 
surprising due to the fact that PEI is not known to possess a LCST, and the end-
group polarity of a polymer is known to affect LCST.
70-72
  
PEI-graft-POEGMA stabilised nanoparticles displayed significantly different 
properties.  Even as the sample was incubated at room temperature before 
heating, there was considerable light scattering, and the z-average (particle 
diameters) had large standard deviations even over the course of multiple 
measurements (Figure 4.29).  Three distinct phases of diameter were observed 
within the sample as the temperature was increased; a low diameter range below 
40 ºC, a transition phase between 40 ºC and 52 ºC, and a higher diameter phase 
above 52 ºC.  The same average distribution of particle diameters was observed 
at the same temperatures, over a series of repeated cycles of heating and cooling.  
Below 40 ºC particles displayed an average diameter of 59 ± 18 nm, which is 
around eight times larger than measured by TEM (7.4 ± 1.5 nm).  This is 
indicative of particles forming clusters when suspended in aqueous solution as 
the increase is too large to be attributed to the hydrodynamic radius increase that 
would be expected from the addition of polymer to the surface of the particle.  
After heating to a temperature of 75 ºC particles showed an increase in average 
size to 92 ± 14 nm.  The size change occurred over a temperature range of 40 to 
52 ºC, with an inflection point of 46 ºC, as can be seen in Figure 4.31.  No visual 
clouding of the solution was observed at any of the measured temperatures. 
The LCST of a polymer has been shown to affected by macromolecular 
architecture, monomer ratio and polydispersity.
73
 For POEGMA coated particle 
systems, such as gold nanoparticles or polystyrene micelles, distinct size effects 
have been noted.
74, 75
 Holder et al showed that triblock (ABA) copolymers of 
POEGMA (A) and polystyrene (B) have a significantly lower TCP (around 11 ºC) 
than POEGMA homopolymers over the same Mn range.
74
 Ieong et al 
demonstrated that nanoparticle structures with a thermoresponsive shell observe 
a decrease in TCP as the diameter of the particle increases.  This was attributed to 
changes in in the polymer packing density due to the constrained nature of the 
system.
75
  In these previously reported systems, precipitation of the polymer was 
always a result of raising the temperature above the TCP, something that was not 
observed with PEI-graft-POEGMA polymer stabilised nanoparticles.  In this 
instance, there was no full particle precipitation associated with temperature 
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Figure 4.29 : DLS results for 1 wt% aqueous solutions of PEI-graft-POEGMA 
stabilised nanoparticles showing the variation in particles sizes as temperature 
changed. 
 
Figure 4.30 : DLS results for PEI-graft-POEGMA stabilised nanoparticles showing 




change, even with an increase in average particle size, and no full TCP was 
observable by DLS or visible clouding. 
Iron oxide magnetic nanoparticles forming clusters in solution is a well-known 
phenomenon, and recently experimental effort has been directed towards 
controlling the size of clusters, and their morphology.
76-79
 A facile route to 
controllable magnetic nanoparticle clusters with tuneable cluster size would be 
desirable for a range of applications including: sealants, damping agents, and 
separation aids.
80-83
 From the individual particle size measured from TEM (figure 
4.17), and assuming that the particles are irregularly packed in a spherical 
conformation,
84
 the average cluster size of PEI-graft-POEGMA stabilised 
magnetic nanoparticles increases from around 300 particles to 1200 particles 




A facile synthetic route for the preparation of PEI-graft-POEGMA was 
developed utilising a commercially available branched PEI as a starting point.   
The purchased PEI was analysed by conventional and two dimensional NMR 
techniques to elucidate its structure, and the number of primary, secondary and 
tertiary amines present was determined to be different from what was reported by 
the supplier.  The branched PEI was used to synthesise a poly-amide ATRP 
macro initiator that was used in the polymerisation of OEGMA. 
PEI-graft-POEGMA synthesised via ATRP had low dispersities (<1.4), but 
experimentally observed Mn values were not in close agreement to theoretically 
expected results.  Whilst PEI-graft-POEGMA samples remained green after 
repeated methods to purify them (most likely due to the presence of copper from 
the ATRP catalytic system), the ability of the polymer to complex DNA was not 
hindered, and even surpassed the transfection efficiency of unmodified PEI at 
equivalent weight percentages.  This suggested that any copper being chelated by 
the amine core of the polymer was in very small quantities. 
PEI-graft-POEGMA demonstrated its utility by its ready use as a stabiliser in the 
preparation of superparamagnetic nanoparticles.  Particles stabilised by the 
polymer showed no deviation in magnetic characteristics when compared to un-
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stabilised particles prepared by the same method.  Stabilised particles remained 
in suspension over a timescale of days, whereas un-stabilised particles were 
observed to agglomerate rapidly and settle out of suspension in a matter of 
minutes. 
The thermoresponsive nature of POEGMA was transferred to PEI-graft-
POEGMA and PEI-graft-POEGMA stabilised magnetic nanoparticles.  A sample 
of PEI-graft-POEGMA possessed a TCP of 60.5 ºC, around 5 ºC lower than a 
POEGMA homopolymer of the same Mn.  PEI-graft-POEGMA stabilised 
magnetic nanoparticles showed a thermally induced increase in particle cluster 
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Chapter 5: Conclusions and future work 
5.1 Conclusions 
 
The main focus of the work presented within this thesis was to develop a system 
that enabled the successful usage of amide initiators for ATRP, and to determine 
the specific reasons for the previously reported failures of amide initiated 
systems.  To this end, a novel amide based ATRP initiator (N-methyl 2-bromo-2-
methylpropanamide) with a chemical structure similar to a widely used ester 
initiator (Ethyl 2-bromoisobutyrate) was synthesised. 
 
These initiators were used in a series of polymerisations with OEGMA, which 
used differing reagents and/or ratios of reagents until they produced polymers 
with similar molecular weight parameters and kinetic characteristics that were at 
considered at least partially “living”.  The optimised conditions proposed in this 
work are ethanol as solvent in a 3:1 ratio with the monomer, CuCl and 4,4’-
dinonyl -2,2’-bibpyridine as the catalyst system.  Using these reagents, samples 
of POEGMA were synthesised using the amide initiator that had dispersities as 
low as 1.13 and molecular weights that were in close agreement to theoretical 
values.  The pseudo-first-order kinetic plot that is often used to judge the 
livingness of a reaction possessed some linearity, but was observed to plateau as 
reactions continued indicating irreversible termination reactions were occurring.  
In addition to this, even within these optimised conditions amide initiated 
polymerisations proceeded much more slowly than when the analogous ester was 
used, often taking up to eight times as long to produce polymers of comparative 
molecular weight. 
 
The difference between reaction kinetics was investigated through both UV-
visible spectroscopy and quantum chemical calculations.  Some of the previous 
proposed reasons for the poor performance of amide initiators were measured by 
UV-visible spectroscopy, but there did not appear to be any evidence of: catalyst 
complexation to the amide bond,
1
 interruption of the catalytic system by the 
amide bond,
2
 or a faster rate of disproportionation of Cu species in the presence 
177 
of an amide bond,
3
 when these reaction conditions were used.  This supports the 
conclusion of Adams et al, which was that any amide complexation was not 
significant.
4
  Using a method previously published within the literature,
5
 the rate 
of atom transfer polymerisation (katrp) could be calculated by observing the rate 
that Cu(II) species were generated.  The result of this calculation stated that the 
activity of the ester initiator (8.32 x 10
-6
) was fifteen times higher than the amide 
(5.37 x 10
-7
).  The value calculated for the ester was in close agreement to 
previous data reported for the same molecule but under different reaction 
conditions. 
 
Quantum chemical calculations indicated that the bond dissociation energy of the 
halogen in the amide initiator was much larger than that of the analogous amide 
(∆-22 kJ mol-1).  This difference equated to the ester initiator being 6335 times 
more reactive than the amide if no solvent effects were taken into consideration.  
The minimal energy conformations of amide and ester molecules suggested that 
there may be intramolecular hydrogen bonding occurring within the amide which 
acts to stabilise the alkyl halide bond.  By running the calculation again whilst 
taking account of solvent effects, it was discovered that a polar solvent (ethanol) 
could reduce the difference in bond dissociation energies between amide and 
ester initiators so that the ester was only fourteen times more reactive than the 
amide.  This is most likely as a result of hydrogen bonding with the solvent 
interrupting any intramolecular hydrogen bonding, reducing the stabilisation 
effect on the alkyl halide bond.  The value of “fourteen time more active” fits in 
close proximity to the results that was calculated by UV-visible spectroscopy 
(“fifteen times more active”). 
 
Whilst the synthesis of a polyethyleneimine-graft-POEGMA had previously been 
reported in the literature,
6
 a novel synthetic route was proposed here that utilises 
much less rigorous reaction conditions and contains fewer synthetic steps.  The 
foundation of this synthesis was the one-step modification of a commercially 
available branched polyethyleneimine (PEI) into an ATRP macroinitiator 
through functionalisation of the PEI’s numerous amine groups.  In order to 
characterise the macroinitiator, the molecular structure of the starting PEI had to 




C and HMQC NMR with carbon 
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peak assignments taken from literature values,
7
 it was calculated that there were 
approximately six primary, six secondary and four tertiary amines present in an 
average PEI molecule with a Mn of 600.  This varied from the manufacturer’s 
specification which stated that amine sites were present in a 25 : 50 : 25 ratio of 




C NMR spectra of the functionalised PEI it was calculated that post 
functionalisation, each average PEI-macroinitiator molecule provided 6.6 ATRP 
initiation sites, resulting from the conversion of all primary amines as well as 
some of the secondary amines in the base material. 
 
The PEI-macroinitiator was successfully used in the ATRP of OEGMA using the 
optimised conditions that were discovered previously for amide initiated ATRP.  
Polymers produced by this method displayed dispersities less than 1.4, but 
molecular weight values were invariably higher than those predicted.  Post 
reaction it proved difficult to remove the ATRP catalyst system from the 
synthesised polymers, resulting in prepared samples of PEI-graft-POEGMA 
possessing a distinct green colouration indicative of the presence of copper.  
Despite multiple precipitations, repeated passages through silica columns, and 
dialysis with ligands that were known to be effective in copper removal, samples 
invariably remained green. 
 
PEI is known for its ability to transfect DNA as a result of the large number of 
amine sites within its structure that can interact electrostatically with the 
phosphate groups with DNA.  The ability of PEI-graft-POEGMA to form similar 
complexes with DNA was monitored using dynamic light scattering and 
fluorometry, with both sets of experiments indicating that complexation occurs.  
The result of the fluorometry was particularly intriguing as it suggested PEI-
graft-POEGMA is orders of magnitude more effective at DNA transfection than 
the unmodified PEI. 
 
Samples of PEI-graft-POEGMA were sent to collaborators and used as 
stabilisers in the synthesis of superparamagnetic nanoparticles.  Particles 
produced in these syntheses shown no significant deviation in any characteristic 
when compared to particles prepared in the absence of the polymer.  The lower 
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critical solution temperature (LCST) of a linear POEGMA homopolymer was 
compared to that of the PEI-graft-POEGMA, and polymer stabilised 
nanoparticle.  The homopolymer possessed an LCST of 65 ºC, in close 
agreement to the previously reported value in the literature of 64 ºC,
8
 whilst the 
copolymer retained the thermoresponsive activity provided by the POEGMA 
segment and possessed an LCST of 60.5 ºC.  The thermal response of the 
nanoparticles was notably different, and can be summarised over three 
temperature ranges.  Between 20 to 40 ºC there is already considerable scattering 
recorded and even over repeated measurements data showed large standard 
deviations.  The average particle diameter was 59 ± 18nm, which is considerably 
large than the value measure by transmission electron microscopy (7.4 ± 1.5 nm), 
indicating that the particles are forming clusters in solution.  Over the 
temperature range from 40 to 52 ºC the average size of the particles increases, 
with an inflection point at 46 ºC.  Above 52 ºC the average size of particles was 
recorded to be 92 ± 14 nm, potentially indicating a fourfold increase in cluster 
size assuming irregular packing in a perfect sphere.  All of these thermal changes 
were fully reversible and repeated cycles of heating and cooling showed identical 
behaviour. 
 
Finally, the stability of PEI-graft-POEGMA stabilised nanoparticles was 
demonstrated by dispersing samples of stabilised and bare particles in solution.  
The unstabilised particles were observed to settle aggregate and settle out of 
solution in a matter of minutes, whilst stabilised particles stayed dispersed in 
solution over days. 
 
5.2 Future work 
 
The most significant further work that can be proposed from this thesis is to use 
the optimised reaction conditions that were developed for amide initiators in 
ATRP using different monomers.  Whilst POEGMA is an extremely versatile 
monomer, a major advantage of ATRP is its ability to polymerise such a broad 
range of monomers.  The combination of amide functionality and differing 
monomer units opens up numerous potential applications. 
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In addition to this, a brief investigation into single electron transfer living radical 
polymerisation (SET-LRP) was carried out and described in Chapter 3.  Whilst 
the polymers produced possessed poor dispersity, low conversion of monomer to 
polymer, and much higher molecular weights than theoretically calculated, the 
rates of polymerisation were much fast than with conventional ATRP suggesting 
it may be an efficient route to higher molecular weights of amide initiated 
polymers so long as a measure of control can be introduced. 
The novel synthesis of a poly-amide initiator for ATRP from a commercially 
available branched PEI allows for the ready functionalisation of 
polyethyleneimine.  Again, further polymerisations with differing monomers are 
something that could be investigated as the utility of PEI-graft-POEGMA has 
already been demonstrated.   
Perhaps the most surprising result in this work was the apparent improvement in 
DNA transfection efficiency that PEI-graft-POGMA possessed over unmodified 
PEI.  This is an area that needs to be investigated more thoroughly as the 
potential of a transfection agent that is orders of magnitude higher than 
previously used materials is highly desirable. 
The preparation of superparamagnetic nanoparticles that undergo cluster size 
transitions as a result of temperature variation could be used as a targeted drug 
delivery system.  Magnetic hyperthermia is known to be achievable by exposing 
iron oxide nanoparticles to oscillating magnetic fields, and if a therapeutic agent 
could be embedded, encapsulated or conjugated to PEI-graft-PEOGMA 
stabilised nanoparticles then a multi-functional drug delivery system would be 
created.  This system could be targeted through the application of an external 
magnetic field, and then the controlled release of its payload could be activated 
using magnetic hyperthermia.  Whilst the temperature at which these materials 
undergo cluster size transition is currently slightly too high for in vivo usage (46 
ºC), the copolymerisation of OEGMA with a monomer such as 2-(2-
methoxyethoxy)ethyl methacrylate should lower this temperature, highlighting 
the need to attempt polymerisation from the PEI-macroinitiator with monomers 





1. J. T. Rademacher, R. Baum, M. E. Pallack, W. J. Brittain and W. J. 
Simonsick, Macromolecules, 2000, 33, 284-288. 
2. M. Teodorescu and K. Matyjaszewski, Macromol. Rapid Commun., 2000, 
21, 190-194. 
3. A. Limer and D. M. Haddleton, Macromolecules, 2006, 39, 1353-1358. 
4. D. J. Adams and I. Young, J. Polym. Sci. Pol. Chem., 2008, 46, 6082-
6090. 
5. W. A. Braunecker, N. V. Tsarevsky, A. Gennaro and K. Matyjaszewski, 
Macromolecules, 2009, 42, 6348-6360. 
6. R. Zhang, Y. Wang, F. S. Du, Y. L. Wang, Y. X. Tan, S. P. Ji and Z. C. 
Li, Macromol. Biosci., 2011, 11, 1393-1406. 
7. A. von Harpe, H. Petersen, Y. Li and T. Kissel, J. Control. Release, 2000, 
69, 309-322. 
8. J.-F. Lutz and A. Hoth, Macromolecules, 2006, 39, 893-896. 
 
